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ABSTRACT 
Urban estuaries are an important interface between the land and sea where large amounts of 
terrestrial carbon and anthropogenic inputs are deposited from the catchment. Along the 
estuary, carbon is released as CO2 to the atmosphere and is buried or transformed before being 
discharged into the coastal ocean. Studies on carbon budgets are an important contribution to 
our understanding of how carbon is transformed within estuaries reflecting the human pressures 
on the ecosystem. Hence, such studies are fundamental to the sustainable management of urban 
estuary environments. The Sydney Harbour Estuary is a large complex drowned river valley 
system situated adjacent to the global city of Sydney that, by 2100, will have grown from 5 
million to megacity status (10 million) with all the consequences of urbanisation having an 
impact on the harbour. There are no previous studies to provide an understanding of these 
impacts on the carbon cycle of the estuary, making this an important and challenging region to 
explore the carbon dynamics for the first time. In this study, the Sydney Harbour Estuary is 
investigated to determine if it is a net carbon sink (autotrophic) or source (heterotrophic) on an 
annual basis and to provide a measure to compare and contrast with global harbours/estuaries 
worldwide.  
Data for the study were collected on monthly field campaigns on a small research vessel over 
an intensive one-year period in the year 2013, with additional sampling extending into the next 
year. Transects were carried out by travelling along the main channel from the lower marine 
end to the upper riverine tributaries of the estuary. For the first study, high-resolution survey 
data of surface water partial pressure of CO2, chlorophyll-a, dissolved oxygen, pH, salinity, 
temperature and wind speed were used to calculate air-water emissions from the estuary. CO2 
air-water emissions were also quantified and compared with other large temperate estuaries 
using appropriate gas model equations.  
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For the second study, a carbon budget for the estuary was constructed using carbon emissions 
from the first study together with inorganic and organic carbon samples from 18 stations along 
the estuary, core samples analysed for sediment burial rates with additional data from the 
literature including fisheries harvest, oyster sequestration and vegetated carbon burial. Annual 
organic and inorganic carbon budgets were constructed for the Sydney Harbour Estuary to 
account for sources, transformations, burial and losses of carbon constituents to determine the 
net import or export to/from the coastal ocean. These results were compared and contrasted 
with other estuaries that have both annual inorganic and organic carbon budgets. For the third 
study, dissolved inorganic carbon, dissolved and particulate organic carbon and particulate 
organic nitrogen samples were analysed for concentration and stable isotope ratios to determine 
how rainfall conditions together with local hydrology and geomorphology affected the major 
biochemical processes that drive the autotrophic-heterotrophic balance of the Sydney Harbour 
Estuary. The application of stable isotope data to indicate human pressures on a number of 
urban river valley estuaries was also investigated. 
This research established for the first time that on an annual basis, the Sydney Harbour Estuary 
was a heterotrophic system (carbon source) emitting carbon dioxide to the atmosphere, 
importing organic carbon and exporting dissolved inorganic carbon to the coastal zone. It 
further established how the estuary transitioned to an autotrophic state (carbon sink) in high 
rainfall conditions, however, remained heterotrophic in mean rainfall conditions. It was found 
that along the estuary, there were areas that were carbon sinks and other areas of the estuary 
that were sources, particularly in the upper reaches of the tributaries that emitted large 
quantities of carbon dioxide to the atmosphere. It was discovered that after a high rainfall event, 
the estuary transitioned to a net autotrophic state, stimulated by nutrient runoff from the highly 
urbanised catchment. It was calculated that on an annual basis approximately 1000 tonnes of 
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carbon dioxide per year were emitted from the water surface to the atmosphere, which in a 
global context is relatively low for an estuary of its size.  
The carbon budget found that similar to many urban estuaries globally, there was a net export 
of dissolved inorganic carbon to the coastal zone. However, like some Australian and US 
estuaries, there was also a net import of organic carbon required to balance the budget. On an 
annual basis, the budget indicated that the estuary was slightly heterotrophic consistent with 
the findings of the first study with net ecosystem metabolism determined to be the main control 
of carbon fluxes in the system. The importance of determining sources, sinks and 
transformations of all carbon forms to construct estuarine budgets was demonstrated. 
The third study found that the transition of the estuary to an autotrophic state in high rainfall 
conditions was attributed to inputs of labile freshwater phytoplankton and nutrients that were 
delivered downstream to the mid estuary on a hydrodynamic plume stimulating primary 
production in the large areas of the mid and lower estuary. The study further determined that 
the estuary remained in a heterotrophic state in mean rainfall conditions due to inputs of 
terrestrial organic matter and sediments that were entrained or flocculated out of the upper 
water column in the mid estuary creating a sink, with light limitation from turbid suspensions 
contributing to low primary production rates. It was determined that carbon sources and sinks 
were governed by the rainfall regime and that, together with the typical geomorphology and 
hydrodynamics of the drowned river valley system, affected the heterotrophic-autotrophic 
balance of the Sydney Harbour Estuary. It was demonstrated that isotope characteristics of 
particulate organic carbon and dissolved inorganic carbon, together with ancillary 
environmental parameters could be useful indicators of human pressures on urban drowned 
river valley estuaries. 
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Chapter 1 – Introduction 
 
Background 
Estuarine ecosystems are at the land-ocean interface where large amounts of terrestrial Carbon 
(C) and Nitrogen (N), in dissolved and particulate forms, are deposited from rivers. This 
riverine material undergoes major biochemical transformations in estuaries before being 
discharged into coastal oceans. Estuaries provide the major link between land and ocean carbon 
cycles in a highly interactive zone where carbon and nutrients are processed so that they can 
result in high water-to-air carbon dioxide (CO2) emissions (Cai, 2011). From the early studies 
of Park et al., (1969) and Reeburgh (1969), it was established that estuaries are heterotrophic 
environments emitting carbon dioxide (CO2) to the atmosphere. It is only during the last two 
decades, however, that the sources and sinks of carbon have been investigated in greater depth 
in estuarine environments. Human pressures and climate change can influence carbon loadings 
from the watershed altering the source (heterotrophic) and sink (autotrophic) balance of an 
estuary (Ciais et al., 2008). Large urban estuaries are often particularly impacted with strong 
areas of anthropogenic influence located near freshwater discharges that deliver carbon and 
nutrients to the estuary, gradually becoming more diluted downstream towards the coastal 
zone. The carbon emissions from estuaries can be substantial and variable due to the ability of 
individual estuaries, as well as distinct sections of an estuary to bury and transform carbon. 
Estuarine ecosystems are currently not accounted for in detail in global carbon budgets 
including past Intergovernmental Panel on Climate Change (IPCC) reports, even though the 
importance of the coastal contribution to the ocean carbon budget has long been recognised 
(Bauer et al., 2013). 
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Urban waterways generally have large inputs of carbon and nutrients associated with 
population centres, providing significant challenges to address in harbour cities globally. By 
2100, the population of Sydney is predicted to grow from the current 5 million to 10 million 
people with the consequence of urbanisation having a significant impact on its waterways. As 
the world population continues to increase, urbanised inputs to waterways are predicted to 
increase with population growth. It is, therefore, critical to understand how carbon and nutrient 
inputs drive the carbon dynamics in urban estuarine environments that result in carbon 
emissions and exports to the coastal zone. Estuaries are generally net carbon emitters, which is 
a natural phenomenon. However, emissions are affected not only by urban inputs but also by 
local rainfall, hydrodynamics, biogeochemistry and geomorphology. Construction of estuarine 
carbon budgets is important for planning and remediation efforts in urban estuaries as each 
estuary is different and the potential impacts of climate change and urbanisation on carbon 
cycles will be different in every ecosystem.  
A global study of air-sea exchange of CO2 in the world’s coastal seas showed that European 
and North American estuaries were net heterotrophic ecosystems (Chen et al., 2013). This was 
due to high levels of anthropogenic inputs of organic matter that induce high respiration rates 
and the production of large quantities of dissolved CO2 (Chen et al., 2013). There were very 
few Southern Hemisphere and no Australian estuaries included in this study. Recent studies of 
Australian estuaries on the mid New South Wales coast by Maher and Eyre (2011) determined 
that these ecosystems were autotrophic, drawing down CO2 from the atmosphere into the 
estuary. The estuaries studied were marine-dominated systems with low freshwater flows 
carrying low organic matter loads. The CO2 influx to the estuary was found to be driven by 
primary production associated with extensive seagrass beds in these ecosystems. Essentially, 
global estimates of air-water CO2 emissions based mainly on heterotrophic Northern 
Hemisphere estuaries may greatly over-estimate the net emissions of CO2 into the atmosphere. 
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This study provides the first, long-term (annual) carbon budget of the Sydney Harbour Estuary 
that is a large and important Southern Hemisphere drowned river valley system.  
A budget is a way of constraining the inputs, outputs and transformations of organic and 
inorganic forms of carbon in estuaries thus accounting for human pressures and climate change 
that influence carbon loadings from the watershed that may alter the source (heterotrophic) and 
sink (autotrophic) balance of an estuary (Ciais et al., 2008). Heterotrophic processes transform 
dissolved organic carbon (DOC) to dissolved inorganic carbon (DIC), and autotrophic 
processes transform DIC into organic carbon (OC). Net autotrophic systems thus generally 
import nutrients and inorganic carbon and regenerate, export or bury organic carbon, whereas 
net heterotrophic systems import organic carbon and regenerate and export inorganic carbon 
and nutrients (Nixon, 1995; Boynton and Kemp, 2000). Stable isotopes can be used to track 
inorganic and organic carbon that originate from river inputs as different isotope signatures are 
produced as a result of several biogeochemical processes. Carbon and nitrogen stable isotope 
composition have been used widely to distinguish sources, sinks and transformations in 
estuaries (Rau, 1978; Raymond and Bauer, 2001; Wang et al., 2016; He and Xu, 2017). More 
recently stable isotopes have been used to address the significant challenge of understanding 
the role of anthropogenic nutrients in estuarine eutrophication (Oczkowski et al., 2014) 
providing a tool for monitoring the carbon footprint of estuaries that will become more 
important in the future as urban populations grow. 
 
Study Site 
The Sydney Harbour Estuary study site is located in a temperate region extending across the 
largest metropolitan and most densely populated area of the South-East Australian coast 
(Figure 3). The Sydney Harbour Estuary is a drowned river valley comprising three valley 
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systems: Parramatta River, Lane Cove River and Middle Harbour (Roy, 1984). With a small 
catchment to estuary surface area ratio (10:1) and no permanent rivers entering the system, a 
large percentage of the freshwater runoff is discharged into the narrow upper riverine channels 
that make up only a small percentage of the estuary surface area before emerging into the much 
wider seawater end known as Port Jackson. The Sydney Harbour Estuary has long been known 
as a sheltered harbour with weaker wind speeds throughout the upper estuary due to complex 
topographic sheltering and stronger winds developing over the wider well-flushed lower 
estuary. Sydney is located in a temperate climate that experiences episodic high rainfall events 
that exhibit non-steady state behaviour rendering biogeochemical processes that are completely 
different to the dry periods. 
The Sydney Harbour Estuary is a paradox as it is known as one of the most beautiful harbours 
in the world renowned for its bright blue waters. However, the estuary is also highly modified 
and has on going pollution problems from urban runoff, sewage overflows and stormwater 
inputs as well as legacy pollution from toxic chemical mixtures in harbour sediments 
(Montoya, 2015). The harbour has thriving mangrove systems along Middle Harbour and the 
Parramatta and Lane Cove rivers with the classic river valley funnel shape of the estuary 
creating narrow, high-retention (long residence time) shallow channels and bays in the upper 
and mid estuaries while allowing for the free exchange of water in the lower, deep estuary 
system (Figure 1).  
Freshwater inputs are generally low with no large rivers entering the system so flows are 
dependent on rainfall (Lee et al., 2011, Das et al., 2000). Sydney’s rainfall regime is 
characterised by long, dry conditions interspersed with highly variable medium rainfall 
episodes and infrequent, high-rainfall events (rainfall > 50 mm/day). Development has altered 
the Sydney catchment dramatically, with 86% having been urbanised, creating extensive 
impervious surfaces (Lee et al., 2011). Together with wide-ranging sewerage and stormwater 
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drains, the area of low or zero soil infiltration capacity has increased, leading to an increase in 
water transmission to river channels and increased incidence of sewer overflow and stormwater 
contamination (Hose et al., 2006). In addition to supporting industrial activity and a large 
population of nearly 5 million people, the catchment comprises extensive areas of parkland in 
the Lane Cove River Valley and Garigal National park in Middle Harbour. The entire Sydney 
Harbour Estuary study area encloses a water surface of over 50 km2 that drains a combined 
catchment area of nearly 500 km2. 
 
Figure 1. The Sydney Harbour Estuary comprises Port Jackson and the major tributary of the 
Parramatta River and minor tributaries of Lane Cove River and Middle Harbour Creek. The 
Sydney catchment shows impervious areas in grey and pervious areas in green. The blue 
denotes the bathymetry with lighter shades representing shallow water and darker shades 
representing deep waters. (Source: Australian government land use data, 2010; Roads and 
Maritime Services and Australian Hydrographic Service, 2014). 
 
The Sydney Harbour Estuary is a composite waterbody with complex topography and a 
landward tapering funnel as a result of its geomorphological formation from a drowned river 
Middle Harbour Creek 
Lane Cove River 
Parramatta River 
Port Jackson  
Port Jackson 
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valley (Das et al., 2000). Hawkesbury sandstone hills line much of the shoreline of the estuary 
affording ample sheltering from strong winds. The bathymetry is complex and irregular 
spanning a series of deep holes of up to 45m depth to very shallow beaches, creating a range 
of habitats for a diversity of micro and macro organisms to inhabit. A study of the 
phytoplankton communities along the Sydney Harbour Estuary found that there was an 
increase of nearly tenfold in their concentration (1.8 – 17 µg L-1) from the lower marine end to 
the upper riverine section of the Parramatta River (Revelante and Gilmartin,1978).  An 
assessment of physiochemical conditions, nutrient and bacterioplankton dynamics in the 
Sydney Harbour Estuary by Jeffries et al. (2016) linked the distributional dynamics of bacterial 
communities to nutrient gradients (Crump et al.,2004; Jeffries et al., 2016; Fortunato et al., 
2012; Liu et al., 2015) with allochthonous nutrient pulses from stormwater and sewage inputs 
greatest during rain events but persisting even during dry weather (Hose et al., 2006, Birch et 
al., 2010; Hedge et al., 2014).  
The Sydney Harbour Estuary is a microtidal system with a maximum tidal range of 2.1 meters 
over its entire area (Lee and Birch, 2011). The entrance at the harbour Heads is moderately 
wide (2–3 km) and deep (25m), providing the large lower Port Jackson section with free 
exchange of low nutrient, subtropical ocean water which includes the East Australian Current 
and its eddies (Roughan and Middleton, 2004). Takahashi et al. (2002) modelled the seasonal 
variation of the partial pressure of CO2 (pCO2) of the subtropical surface waters off the east 
coast of Australia and found that the oceanic pCO2 was almost always lower than atmospheric 
pCO2 levels. As the flux of carbon between the atmosphere and the ocean depends on the 
concentration gradient at the air-water interface, results of direct pCO2 measurements taken 
from a station at Port Hacking (100 km offshore of Sydney) as well as along the NSW coastline 
confirm a wider quasi-permanent CO2 sink in the coastal waters off Sydney, resulting in a net 
air-to-sea flux of about –0.05Tg C y-1 for the east coast of Australia (McNeil, 2010). Discharge 
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volumes oscillating on a semi diurnal tidal cycle flush the lower Port Jackson estuary with the 
low pCO2 coastal waters at the rate up to 6000 m3s-1 in and out of the Heads at peak tides (Das 
et al., 2000).  
Aim 
This thesis had 3 main objectives: (1) to calculate the carbon emissions for the Sydney Harbour 
Estuary using peer-reviewed methods so that the results can be meaningfully compared to other 
carbon emissions from harbours/estuaries globally; (2) to develop a comprehensive carbon 
budget accounting for sources, transformations, burial and losses of organic and inorganic 
constituents to determine the net import or export of carbon to/from the coastal ocean; and (3) 
to determine how rainfall affected sources and sinks as well as, together with local hydrology 
and geomorphology, determine the major biochemical processes that drive the autotrophic-
heterotrophic balance within the Sydney Harbour Estuary. 
The overarching aim of the study was to determine if Sydney Harbour was a heterotrophic 
source or an autotrophic sink of carbon annually so as to provide a basis from which to measure 
the effects of climate change and urbanisation on the estuary as the city of Sydney evolves into 
a global megacity in the future. 
 
Thesis Outline 
This PhD thesis consists of a collection of papers that are published, under review or prepared 
for submission with international peer-reviewed journals appropriate to the discipline of marine 
science. The publications form part of an integrated project and are presented in an order that 
represents the related elements of a connected thesis. The thesis contains an introductory 
section that provides an outline of the aim of the research and the content of the main chapters 
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of the study and ties together the common themes. The conclusions presented at the end include 
the following: a summary of the contributions of the work to the field of marine biogeosciences 
and a critical evaluation of the role of this thesis in informing further research in the field.  
The introductory chapter to this study and the beginning of each chapter establish the setting 
and summarise the previous body of work that has been undertaken in harbours and estuaries, 
locally and globally, with respect to CO2 emissions, carbon budgets and the use of stable 
isotopes to assess carbon dynamics in the estuary.  
Chapter 2 includes the calculations of the carbon emissions for the Sydney Harbour Estuary. 
This study involved the collection of underway samples of CO2 concentrations along the main 
channel of the estuary and up the tributaries together with a suite of water quality parameters. 
The investigation and selection of the gas transfer velocity equation to use for the calculations 
covers a wide area of research in its own right, as the gas transfer parameterisation causes the 
most uncertainty in the process of calculating carbon emissions. Three, suitable peer-reviewed 
methods were selected to set upper, mean and lower limits for this study, which could be 
compared with the large body of works in estuaries around the globe.  
Chapter 3 includes the separate calculations for organic and inorganic forms of carbon to 
construct a carbon budget for the estuary so as to account for the transformation of carbon 
through net ecosystem metabolism (NEM) and the sources and sinks of carbon within the 
estuary. This study involved the collection of carbon concentrations at stations along the main 
channel of the estuary and up the tributaries analysed together with a host of data from the 
literature. Elements of the budget were calculated using 3 suitable peer-reviewed methods to 
ensure diffusive fluxes and other elements were properly accounted for in the budget. This 
study highlights the importance of determining the sources, sinks and transformations of all the 
carbon forms in constructing estuarine budgets. 
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Chapter 4 includes measured concentration and stable isotope ratios of carbon and nitrogen 
constituents, together with independently collected environmental parameters and results of 
mixing models. The carbon dynamics showed that sources and sinks were altered in dry, 
medium and high rainfall conditions and how, together with the typical hydrodynamics and 
geomorphology of the drowned river valley system, this affected the major biochemical 
processes that drive the autotrophic-heterotrophic balance within the Sydney Harbour Estuary. 
The study further explored the application of characteristic stable isotope signatures to detect 
human impacts in a number of drowned river valley estuaries that highlighted the importance 
of using independent measures when interpreting stable isotope data. 
Chapter 5 includes the summary, synthesises the important results through the presentation of 
the main findings of the studies, highlights of the significant research and outlines the concepts 
and scope for future research. The location of the data repository where the data can be accessed 
for reuse is also provided. 
Appendix I provides a description of the use and enhancements made to the Environmental 
Fluid Dynamic Code (EFDC) hydrodynamic model that was developed and used during the 
course of this study. Appendix II includes metadata and data summaries of the main in-situ 
underway survey data collections. 
This thesis is based on the following 3 papers: 
I. Tanner, E.L., Mulhearn, P.J., Eyre, B.D. (2017) CO2 emissions from a temperate 
drowned river valley adjacent to an emerging megacity (Sydney Harbour). 
Estuarine, Coastal and Shelf Science, 192, 42-56. 
 
II. Tanner, E.L. and Eyre, B.D. (2019) Carbon budget for a large drowned river valley 
estuary adjacent to an emerging megacity (Sydney Harbour). Submitted to AGU: 
Biogeosciences on 8-4-2019. (In press) 
 
III. Tanner E.L. and Eyre, B.D. (In prep) Using stable isotopes to assess carbon 
dynamics in a large drowned river valley estuary adjacent to an emerging megacity 
(Sydney Harbour).   
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Chapter 2  - CO2 emissions from a temperate drowned river 
valley estuary adjacent to an emerging megacity (Sydney Harbour) 
ABSTRACT 
The Sydney Harbour Estuary is a large drowned river valley adjacent to Sydney, a large urban 
metropolis on track to become a megacity; estimated to reach a population of 10 million by 
2100. Monthly underway surveys of surface water pCO2 were undertaken along the main 
channel and tributaries, from January to December 2013. pCO2 showed substantial spatio-
temporal variability in the narrow high residence time upper and mid sections of the estuary, 
with values reaching a maximum of 5650 µatm in the upper reaches and as low as 173 µatm in 
the mid estuary section, dominated by respiration and photosynthesis respectively. The large 
lower estuary displayed less variability in pCO2 with values ranging from 343 to 544 µatm 
controlled mainly by tidal pumping and temperature. Air-water CO2 emissions reached a 
maximum of 181 mmol C m-2 d-1 during spring in the eutrophic upper estuary. After a summer 
high rainfall event nutrient-stimulated biological pumping promoted a large uptake of CO2 
transitioning the Sydney Harbour Estuary into a CO2 sink with a maximum uptake rate of -10.6 
mmol C m-2 d-1 in the mid-section of the estuary. Annually the Sydney Harbour Estuary was 
heterotrophic and a weak source of CO2 with an air-water emission rate of 1.2 to 5 mmol C m-
2 d-1 (0.4 to 1.8 mol C m-2 y-1) resulting in a total carbon emission of around 930 tonnes per 
annum. CO2 emissions (weighted m3 s-1 of discharge per km2 of estuary surface area) from 
Sydney Harbour were an order of magnitude lower than other temperate large tectonic deltas, 
lagoons and engineered systems of China, India, Taiwan and Europe but were similar to other 
natural drowned river valley systems in the USA. Discharge per unit area appears to be a good 
predictor of CO2 emissions from estuaries of a similar climate and geomorphic class. 
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Figure 2. The graphical abstract illustrates the high CO2 emissions from the high retention 
upper estuaries decreasing towards the well flushed lower estuary, with emissions changing 
from a source to a sink of CO2 after a heavy rainfall event stimulated by excess nutrient runoff 
from the highly urbanised catchment. 
 
Introduction 
Estuaries link the land and ocean water carbon cycles creating a highly reactive zone where 
organic matter is rapidly processed, resulting in high air-water carbon dioxide (CO2) emissions 
(Cai, 2011). The importance of air-water CO2 emissions from estuaries was convincingly 
demonstrated with a large European data-set by Frankingnoulle et al. (1998). More recently it 
has been highlighted that estuarine emissions of CO2 to the atmosphere are significant 
compared to other components of the global carbon cycle (Borges, 2005; Borges and Abril, 
2011). Air-water CO2 emissions from estuaries are highly variable due to differences in the 
processing of carbon in individual estuaries, as well as in distinct sections of the estuary. A 
review 165 estuaries found that upper estuaries with salinities of less than two were a strong 
source of CO2 (39±56 mol C m-2 y-1), with mid estuaries a moderate source (17.5 ± 34 mol C 
m-2 y-1) and lower estuaries with salinities of more than 25 a weak source of CO2 (8.4 ± 14 mol 
C m-2 y-1; Chen et al., 2013). The total annual emission of CO2 from the world’s estuaries from 
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several recent syntheses (Regnier et al., 2013; Chen et al., 2013; Cai, 2011; Bauer et al., 2013) 
was estimated to be 0.10 to 0.25 Pg C y-1. However, CO2 data are too sparse and unevenly 
distributed to provide good global coverage and large uncertainties remain (Laruelle et al., 
2014). These estimates are generally biased by measurements from highly engineered and 
polluted estuaries of the Northern Hemisphere, poor representation from the Southern 
Hemisphere and no Australian estuaries have been included. In addition, of the 165 estuaries 
in the budget of Chen et al., 2013, 10% of the data are classified as minor estuary types 
(lagoons, ponds, creeks and streams) and 5% from high latitude fjords. With the major focus 
of previous studies having been on small scale river-dominated estuaries (Joesoef et al., 2015) 
there has been less research on CO2 dynamics in large estuaries and bay systems (Dinauer and 
Mucci, 2017) including the larger geomorphic estuary classes of tectonic and drowned river 
valley systems, the most common type of estuary in temperate climates (Pritchard, 1967). The 
air-water CO2 emissions from only three estuaries adjacent to megacities have been included 
in global estuarine CO2 emissions, the Pearl (Guangzhou), Yangtze (Shanghai) and Hudson 
River (New York), with the Hudson being the only temperate, drowned river valley system 
adjacent to a megacity. In addition, when comparing the magnitude of emissions between 
estuaries globally  large discrepancies can emerge depending on the gas transfer model used 
(Borges et al., 2004; Macklin et al, 2014). Properly constraining the gas transfer velocity in 
estuaries is important, as this is the largest source of error in the computation of air-sea CO2 
emissions (Raymond and Cole, 2001) but this is difficult due to their hydrodynamic and 
geomorphic complexity (Abril et al., 2000). 
Very little is known about CO2 emissions from Australian estuaries (Gillanders, et al., 2011). 
There was a small net uptake of -0.4 to -2.0 mmol m-2 d-1 of CO2 in three warm temperate east 
Australian estuaries driven by net autotrophic production (Maher and Eyre, 2012). In contrast, 
there was a very high-water column pCO2 (19,801 µatm) and a large emission of CO2 (up to 
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252.1 mmol m-2 d-1) from a river dominated estuary draining an acidic wetland (Ruiz-Halpern 
2015). A hypersaline bay with restricted circulation in Western Australia was a weak emitter 
of CO2 (2.0 mmol m-2 d-1; Smith and Atkinson 1983) as was a sub-tropical estuary in South 
East Queensland (0.2 mmol m-2d-1; Adiyanti et al. 2016). Clearly, there is a large spatial 
variability in CO2 emissions between different types of Australian estuaries, and little is known 
about the large drowned river valley systems. 
 
Sydney Harbour estuary is located in the Southern Hemisphere adjacent to Australia’s most 
populated city and is one of the world’s largest natural harbours. The temperate climate of the 
region is highly variable and subject to episodic high rainfall events. The estuary has the classic 
funnel shape geomorphology of a large drowned river valley system. It has long been known 
as a sheltered harbour with weaker wind speeds throughout the narrow upper reaches due to 
complex topographic sheltering and stronger winds developing over the wider well-flushed 
lower estuary (Spark and Connor, 2004). The three upper estuaries (Parramatta River, Lane 
Cove River and Middle Harbour) are narrow and irregular with several branching tributaries 
(Roy, 1984). These narrow channels emerge into the much larger seawater end known as Port 
Jackson that deepens and widens toward the mouth forming a characteristic triangular funnel 
shape with an exponential increase of the cross-section seaward (Pritchard, 1967) that amplifies 
tidal flushing with water from the coastal zone (Figure 3).  
With a small catchment to estuary surface area ratio (10:1) and no permanent rivers entering 
the system under normal moderate to low rainfall conditions a large percentage of the nutrients 
carried in freshwater runoff from the urbanised areas is discharged and retained in the narrow 
channels of the upper estuary sections promoting eutrophication (Jeffries et al., 2016). Excess 
nutrients delivered to estuaries from urban run-off can either enhance CO2 emissions 
(Frankingnoulle et al., 1998; Sarma et al., 2012) or CO2 uptake (Gypens et al., 2009; Cotovicz 
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Jr. et al., 2015). There have been no previous studies of surface water pCO2 or CO2 emissions 
in Sydney Harbour.  
High resolution surveys of surface water pCO2, chlorophyll-a (Chl-a), dissolved oxygen, pH, 
salinity, temperature and wind speed were undertaken in the Sydney Harbour Estuary.  CO2 
air-water emissions from the estuary were also quantified and compared with other large 
temperate estuaries using appropriate gas model equations. Our hypotheses were that (1) the 
Sydney Harbour Estuary would be a small net source of CO2 due to low river inflows, weak 
wind speeds, high primary production and classic funnel shaped drowned river valley 
geomorphology (2) CO2 emissions in the Sydney Harbour Estuary would be enhanced by 
organic enrichment in runoff after high rainfalls due to enhance water column respiration (3) 
the highest CO2 emissions would be in the upper estuary sections due to the influence of 
urbanisation and (4) that discharge per unit catchment area would be a good predictor of CO2 
emissions from estuaries. 
 
Material and methods 
Study site 
The Sydney Harbour Estuary is on the south-eastern Australian coast extending across the 
largest metropolitan and most densely populated region of the country, which is predicted to 
reach 10 million people by 2100 (5 million currently)(Figure 2.1). The estuary is a semi-
diurnal microtidal system with generally low freshwater inputs as no large rivers enter the 
system (Lee et al., 2011; Das et al., 2000). The rainfall regime is characterised by mainly dry 
conditions punctuated by infrequent, high-rainfall events ( > 50 mm/day). Development has 
altered the Sydney catchment dramatically with 86% urbanised (Lee et al., 2011) , which 
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creates extensive impervious surfaces. Together with wide-ranging sewerage and stormwater 
drains the area of low or zero soil infiltration capacity has increased leading to the acceleration 
of water transmission to river channels and increased incidence of sewer overflows and 
stormwater contamination (Hose et al., 2006). The catchment comprises extensive areas of 
parkland in the Lane Cove River Valley and Garigal National park in Middle Harbour. The 
Sydney Harbour Estuary study area has a low catchment to water surface area ratio (10:1) 
draining a combined catchment area of only 500 km2 into a water surface area of over 50 km2. 
Notably 70% of the freshwater flow is discharged into the very narrow channels of the upper 
estuary sections that cover an area of only 2 km2 (4%) of the total estuary surface area. 
 
Field surveys 
A total of 12 monthly field excursions were completed along the waterways of the Sydney 
Harbour Estuary and its tributaries during 2013 with supplementary sampling undertaken in 
August and October 2015 due to instrument failure during these months in 2013. Rainfall and 
runoff were similar in August and October in 2013 and 2015. Sampling was conducted 
underway with instrumentation deployed from a 5.7 metre, centre console research vessel that 
was driven at a steady 4-6 km/h along the longitudinal axis of the estuary and up each of the 
main tributaries to the weir barrier or tidal limits.  
Sampling started from the outer harbour in the morning and then travelled up the more 
restricted channels of the tributaries. The vessel location and other parameters were logged 
continuously while underway using a hand held Garmin GPS (extrex) and a YSI (Yellow 
Springs Instruments, Model 6600 V2) multiparameter sonde in a flow-thru cell. The YSI was 
the primary instrument used for sampling temperature (temp), salinity (sal), chlorophyll-a (Chl-
a), dissolved oxygen saturation (OSat)(%) and pH (National Bureau Standard, NBS scale), with 
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the sampling interval set to 10 seconds. The YSI probes were calibrated in accordance with the 
manufacturer’s specifications (www.ysi.com) before each sampling operation. At 12 sampling 
locations along the harbour vertical profiles of temperature, salinity, pH, OSat, Chl-a and 
turbidity were also measured using a YSI 6600 multiparameter sonde. These stations were used 
to cross check the underway data. Additional discrete samples of Chl-a were taken for 
spectrophotometric analysis, which were used to calibrate the chlorophyll probe (Jeffries et al., 
2016).  
pCO2 was measured at one-minute intervals with an accuracy of < 1% of span concentration 
over the calibrated range (ppsystems.com) using a showerhead gas equilibration device (Santos 
et al., 2012) coupled to a PP Systems Environmental Gas Monitor (EGM-4). The EGM-4 was 
calibrated with National Association of Testing Authority (NATA) certified reference gases 
(values: 0, 198, 497, 745, 1590, 2165, 2937) optimised for the measurement of CO2 in the range 
0-30,000 ppm. Samples were taken underway by pumping water into the intake of the 
equilibrator system at a depth of around 0.5m from the surface. As the equilibrator was situated 
on board near to the water intake pCO2 data were not corrected for the difference of temperature 
in-situ. 
The concentrations of dissolved CO2 (ppm) measured along the estuary were converted to 
partial pressure of CO2 (pCO2 in µatm) according to Pierott et al. (2009). The CO2 emission 
across the air-water interface was computed according to Wanninkhof (1992): 
fCO2 (mmol m-2d-1) = k*K0*ΔpCO2     Equation (2.1) 
where k (m d-1) is the CO2 gas transfer velocity (also referred to as the piston velocity), K0 is 
the CO2 coefficient for the solubility of CO2 (Weiss, 1974) and ΔpCO2 is the difference in CO2 
partial pressure (µatm) between water and air  (pCO2sea - pCO2air). Although the measurements 
of pCO2 in this study were made at one minute intervals with a high degree of accuracy the 
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magnitude of the CO2 emission from the estuary is reliant upon the use of rigorous gas transfer 
velocity parameterization (k) which is site specific, driven by both wind and water-shear 
turbulent energy (Cerco, 1989; Raymond and Cole, 2001).  There are a number of gas transfer 
velocity models that have been developed under different conditions that provide a range of 
evasion rates (Wanninkhof, 1992; Raymond and Cole, 2001; Borges et al., 2004; Wanninkhof 
and McGillis et al., 1999; McGillis, 2001; Ho et al., 2006; Nightengale et al., 2000; Jaing et 
al., 2008). The piston velocity proposed by Raymond and Cole (2001) based on a compilation 
of published k values has been found to be in fairly good agreement for low turbulent estuaries 
with wind speeds generally below 8 m s-1 (Borges et al., 2004) and is suitable for the sheltered 
environment of the upper Sydney Harbour Estuaries. With the lower estuary however 
representing a large proportion of the total surface area being exposed to higher winds and 
currents this section may be more suited to the model proposed by Wanninkhof (1992) for gas-
exchange over the ocean. The gas transfer model of Jaing et al. (2008) was included as it is 
specific for estuaries. To cater for the sheltered environment of the upper estuaries, where the 
influence of strong winds and current driven turbulence is minimal, as well as the more open 
waters located at the Heads near the harbour entrance and to provide a theoretical upper and 
lower limit, k was calculated using the wind-speed based parametrization method of 
Wanninkhof, 1992 [W(1992)]; Raymond and Cole, 2001 [RC(2001)]; and Jiang et al., 2008 
[J(2008)] equations 2.2, 2.3 and 2.4 respectively: 
k=0.31u2(Sc/660)-1/2                                                                                                                    Equation (2.2) 
k=1.91e0.35u(Sc/600)-1/2                                                                                                              Equation (2.3) 
k=0.314 * u2-0.436 * u+3.990         Equation (2.4) 
where u is the wind speed (m s-1) at a height of 10m and Sc is the Schmidt number of CO2 at 
the in-situ temperature and salinity (Wanninkhof, 1992).  
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Additional data sets sourced from the Integrated Marine Observing Systems (IMOS) National 
Reference Station (NRS) field sampling program from the Port Hacking 100m station (IMOS 
Portal: IMOS.aodn.org.au/) were only used to calculate pCO2 values for the offshore waters 
flushing into the Sydney Harbour Estuary from the coastal zone. Monthly data from 2009 to 
2014 include total alkalinity (TA), dissolved inorganic carbon (DIC), temperature, salinity and 
pH (NBS).  The coastal pCO2 values were calculated from the IMOS DIC and TA data using 
the marine carbonate system equilibrium equations in the CO2SYS program (Pierrot and 
Wallace, 2006).  
Three time series studies were conducted in the lower estuary to determine variations in pCO2 
due to tidal pumping. These experiments were conducted from the wharf at Chowder Bay near 
to the entrance of the harbour using the EGM-4 as the primary instrument (as described above). 
Time series samples of CO2 were measured over a diurnal (6 hour) tidal cycle at 0.5m depth at 
10-minute intervals on 11 February 2014; 16 Oct 2015 and 9 November 2015.  
Diel cycles of apparent oxygen utilization (AOU) in the lower estuary were calculated from 
time series measurements taken at Chowder Bay near the entrance to the harbour. These data, 
provided by Daniel Harrison from the University of Sydney, were collected using the model 
6600 V2 YSI sonde according to the calibration techniques outlined in the Sydney Metropolitan 
Catchment Management Authority Report (Harrison, 2012). Sampling was conducted from the 
wharf from 17 January to 4 February 2013; 16 August to 15 September, 2014; and 15 to 20 
October, 2014. Data provided included temperature, salinity, Chl-a and oxygen concentration 
at 15-minute intervals. Data for the determination of AUO in the mid-upper estuary were 
sourced from the Parramatta City Council real time monitoring buoy located at Ermington Bay 
in the mid Parramatta close to the border with the upper section of the river. The real-time buoy 
was installed and maintained by ALS Hydrography Group as part of a broader Sydney Harbour 
Water Quality Improvement Plan project. Real-time monitors collected data at 15 minute 
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intervals using a YSI 6600 V2 sonde instrument. Measurements were made of temperature, 
conductivity, Chl-a and oxygen concentration at a depth of around 0.3 metres. Data for 2013 
that were used for the AOU analysis included: January and February (summer); June (autumn); 
July (winter) and November (spring). A description of the data, collection, calibration, 
maintenance and quality control methods are available from the Parramatta Council Water 
Quality Monitoring Report (Parramatta City Council, 2015). AOU were calculated by 
difference where AOU = Saturated O2 – Observed O2 (in µmol kg-1) using equations from 
Benson and Krause, 1984. 
To calculate the total emissions of the Sydney Harbour Estuary 8 sub-estuary classifications 
were made incorporating lower, mid or upper sections based on the distance between the 
riverine and marine end members and the flow regime of the Sydney sub-catchment system 
defined by Cruickshank (2006) (Figure 3). The estuary sections are: Upper Parramatta (UP), 
Mid Lane Cove (MLC), Upper Lane Cove (ULC); Mid Port Jackson (MPJ), Mid Parramatta 
(MP), Mid Middle Harbour (MMH) and Upper Middle Harbour (UMH), the lower estuary 
section is Lower Port Jackson (LPJ). Estimates were also made for the connecting smaller bay 
areas including Duck River, Homebush Bay, Hen and Chicken Bay, Iron Cove and Johnstons 
Bay. These areas were not well represented by field measurements and are collectively referred 
to as Mid Bays (MB).   
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Figure 3. The Sydney Harbour Estuary including Port Jackson, Parramatta River and the minor 
tributaries, Lane Cove River and Middle Harbour Creek. Cruise tracks show the location of 
monthly underway samples taken over the 2013 study period with the number of samples (n) 
collected seasonally (Spring: January-March; Autumn: April-June; Winter: July-September; 
Spring: October-December). The estuary was classified for the study into upper, mid, lower 
and bay sections. Black arrows are Bureau of Meteorology wind stations at North Head, 
Wedding Cake Channel, Fort Denison and Sydney Olympic Park respectively from the 
entrance of the harbour up to Homebush Bay. 
To estimate the integrated seasonal and annual emissions for the entire Sydney Harbour Estuary 
a barrier with spline analysis of the field measurements was done in ArcGIS from which 
emissions were interpolated for each section of the estuary (Maher and Eyre, 2012). To 
calculate the spatially integrated whole estuary emissions the numerically averaged data for 
each section of the estuary were area weighted and summed. To minimise uncertainties in 
calculating emission rates for the Mid Bays, interpolations were done between adjacent 
upstream and downstream estuary sections. This constrained an upper limit from the higher 
retention section upstream and lower limit from the lower retention channel downstream and 
also ensured emissions were calculated between sections with the most similar water mass 
33.82
oS 
151.28oE 
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properties due to the homogeneity of spatial variation of this generally well mixed estuary e.g. 
the mean emission rate for the Duck River was interpolated between the upper and mid 
Parramatta sections, Homebush Bay from the mid Parramatta section, Hen and Chicken Bay 
between the mid Parramatta and mid Port Jackson sections, Iron Cove mid Port Jackson section 
and Johnstons Bay between the mid and lower Port Jackson section. Means, standard deviation 
and minimum to maximum ranges were calculated for pCO2, CO2 emissions and associated 
gas transfer velocities (Table 1).  
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Table 1. Sectional mean, standard deviation and range of pCO2 and CO2 emissions in the 
surface waters of the upper, mid and lower sections of the Sydney Harbour Estuary for each 
season and under high rainfall conditions. Gas transfer velocity (k) means, standard deviation 
and range used for the calculation of CO2 emissions for the parameterizations of Wanninkhof, 
1992 (kw92), Raymond and Cole, 2001 (kRC01) and Jaing et al., 2008 (kJ08) (Eqs. (2.2), (2.3) and 
(2.4)) respectively. Extreme values are in bold.      Season Estuary 
Section 
 
 
Number 
of 
samples 
(N) 
 
pCO2  
(µatm) 
 
W(1992) 
CO2 Emission 
(mmol C m−2 d−1) 
RC(2001) 
CO2 Emission 
(mmol C m−2 d−1) 
J(2008) 
CO2 Emission 
(mmol C m−2 d−1) 
 
kw92 (cm h-1) 
1.2 ± 0.6 
(0.3 – 5.2) 
 
kRC01 (cm h-1) 
3.6 ± 0.9 
(2.2– 7.0) 
kJ08 (cm h-1) 
4.3 ± 0.6 
(3.3 – 7.3) 
Summer (Jan-Mar)   
Upper  352 
 
 1399 ± 834 
(352 – 3712) 
6.7 ± 6.7 
(-0.4 - 29.5) 
30.8 ± 31.6 
(-1.7  - 139.0) 
33.9 ± 29.3 
(-1.4 - 121.8) 
Mid  601 591 ± 251 (173 – 1384) 
1.3 ± 2.1 
(-2.9 - 6.6) 
4.7 ± 7.5 
(-10.6 - 23.8) 
6.2 ± 8.1 
(-8.0 - 30.9) 
Lower  385 412 ±35 (357 – 513) 
0.3 ± 0.7 
(-1.7 - 2.5) 
0.6 ± 1.5 
(-3.7 - 4.8) 
0.8 ± 1.4 
(-2.5 - 5.0) 
Coastal* 11 355 ± 13 (336 – 376)    
 
Autumn (Apr-Jun)   
Upper  307 1128 ± 656 (403 – 2983) 
2.2 ± 2.0 
(0.1 -7.9) 
16.8 ± 15.1 
(0.3 - 59.9) 
23.2 ±21.1 
(0.4 - 84.0) 
Mid  533 541 ± 179 (387 – 1778) 
0.6 ± 0.5 
(-0.1 - 4.1) 
3.5 ± 3.9 
(-0.1 - 31.3) 
4.7 ± 5.6 
(-0.1 - 43.9) 
Lower  185 414 ± 26 (380 – 461) 
0.4 ± 0.4 
(-0.2 - 1.1) 
0.8 ± 0.9 
(-0.4 - 2.3) 
0.9 ± 0.9 
(-0.4 - 2.5) 
Coastal* 11 339 ± 17 (312 - 360)    
 
Winter (Jul-Sep)   
Upper  276 1058 ± 628 (509 – 2988) 
3.5 ± 2.2 
(0.1 - 14.1) 
17.9 ± 15.6 
(3.6 - 64.9) 
23.5 ± 22.4 
(4.1 - 92.8) 
Mid  518 562 ± 142 (383 – 1208) 
1.1 ± 0.9 
(-0.1 - 6.1) 
4.6 ± 3.7 
(-0.2 - 27.1) 
5.7 ± 4.9 
(-0.2 - 33.9) 
Lower  150 401 ± 27 (367 – 477) 
0.2 ± 0.4 
(-0.5 - 1.2) 
0.4 ±0.1 
(-0.9 - 2.9) 
0.4 ± 1.0 
(-0.9 - 3.2) 
Coastal* 15 340 ± 16 (308 – 364)    
 
Spring (Aug-Oct)   
Upper  127 1374 ± 621 (621 – 5650) 
8.0 ± 4.7 
(2.7 - 40.9) 
28.1 ±17.1 
(7.5 - 150.6) 
33.4 ± 20.5 
(8.2 - 180.8) 
Mid  203 624 ±162 (433 – 1420) 
2.6 ± 1.2 
(0.4 - 11.2) 
7.3 ± 4.5 
(1.4 -30.6) 
8.3 ± 5.4 
(1.7 - 34.1) 
Lower  75 445 ± 37 (396 – 548) 
1.2 ± 0.6 
(0.2 - 4.4) 
2.2 ± 1.3 
(0.4 - 7.2) 
2.3 ± 1.4 
(0.3 - 7.0) 
Coastal* 14 360 ± 14 (330 – 375)    
 
High Rainfall (5th Feb) 
Upper  113 1495 ± 1115 (352 – 3712) 8.6 ± 10.2 (-0.4 - 29.5) 42.1 ± 47.0 (-1.7 - 139.0) 39.5 ± 41.1 (-1.4 - 121.8) Mid  157 316 ± 123 (173 – 762) -1.3 ± 1.4 (-2.9 - 2.7) -4.2 ±5.5 (-10.6 - 12.7) -3.0 ± 4.6 (-8.2 - 11.1) Lower  49 359 ± 10 (343 – 381) -1.0 ± 0.4 (-1.7  -  -0.2) -2.3 ± 0.9 (-3.7  -  -0.6) -1.5 ± 0.6 (-2.5  -  -0.4) 
*Port Hacking coastal station pCO2 data were calculated from the monthly values of DIC and 
TA for the period 2009 to 2014. 
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The intricate topography of the Sydney region provides an additional complexity in 
determining variations in wind speed between different reaches of the harbour. Surface winds 
in Sydney Harbour are notoriously complex with the interaction between the synoptic wind 
and local sea breeze circulation compounded by the intricate terrain. Winds can vary 
significantly within distances of a few hundred metres (Spark and Conner, 2004). In order to 
best represent wind speed, data were sourced from four Bureau of Meteorology (BOM) stations 
namely Wedding Cake Channel (Lower Port Jackson), Fort Dennison (Lower Port Jackson) 
and North Head (Middle Harbour) for the mid and lower estuaries and Sydney Olympic Park 
(mid Parramatta) for the upper estuaries with values interpolated between the closest 
measurement stations. In-situ measurements for all the estuary sections were also made during 
each survey. A statistical analysis of the in-situ measurements (adjusted to 10m height) against 
the Bureau of Meteorology wind data showed a consistent reduction from the original wind 
station data of around 40%. To calculate the seasonal air-water CO2 emission this reduction 
was applied to the higher resolution hourly BOM datasets. Wind speed ranges for the upper, 
mid and lower estuary are given in Figure 4. 
Correlation matrix plots for the a) upper, b) mid, and c) lower sections of the estuary were 
produced using the Performance Analysis package in R. The results are provided in 
Supplementary Material Figure 8. The plots show the value of the Pearson correlation 
coefficient (r) for the variables (temperature, salinity, Chlorophyll-a, Oxygen Saturation and 
pCO2) and the result of the correlation test. Displayed on the plots are: the distribution of each 
variable on the diagonal; the bivariate scatter plots with a fitted line on the bottom of the 
diagonal; the value of the correlation plus the significance level (p < 0.05) is denoted by a star 
symbol on the top of the diagonal. The strength and combination of all these biogeochemical 
variables are reflected in the difference of pCO2 concentrations in each section of the estuary.  
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Results 
 
Environmental variables 
The lower estuary has higher pH, wind speed, salinity and lower pCO2 with a correspondingly 
lower surface air-sea CO2 emission than the other estuary sections (Figure 4). The mid estuary 
exhibits higher temperature and a larger range of OSat and Chl-a. The upper estuaries have 
higher pCO2 and air-sea CO2 emission and lower pH, wind speed and OSat than the other 
estuary sections. Temperatures in the upper estuary were most variable with a range of around 
16 degrees from summer to winter (14 to 29oC) while temperature in the mid and lower estuary 
was more homogenous with a range from 16 to 26oC, half that of the upper estuary sectors. 
The mean surface salinity measured over the whole Sydney Harbour Estuary had a maximum 
of 30.6 over Autumn (Apr-June) a minimum of 28 over Summer (January-March) and 29 over 
Winter  (July-September) and Spring (October-December) reflecting the antecedent rainfall 
from the catchment and state of mixing of the estuary prior to the field surveys. Salinity 
reflected high freshwater flow during summer, moderate flow during spring and winter and 
low flow during autumn. The 7-day antecedent rainfall was calculated by summing the 2013 
rainfall data over the 7 days prior to each survey from the Bureau of Meteorology Sydney 
Olympic Park station that is located adjacent to the mid Parramatta section of the estuary. There 
was little to no difference in the rainfall on the sampling dates done during August and October 
2015. This was 162 mm in summer, 94mm in spring, 90 mm in winter and 20 mm in autumn. 
Over 2013 there were three episodes of high rainfall (>50mm in one day) with the conditions 
of a summer episode captured on the 5th February survey. The salinity in the Sydney Harbour 
Estuary is quite homogeneous during most of the year with values in the upper estuary 
generally found to be greater than 25 increasing towards the Heads to the mean water value off 
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Sydney of 35.5 measured at the Port Hacking coastal station. After an episodic high rainfall 
event however the salinity of the surface waters of the estuary range from a low of 2 in the 
upper estuary sections to 30-35 at the Heads driven by rapid freshwater runoff. It has been 
documented that after rainfall events of 50 mm or more the water column of this generally well 
mixed estuary becomes stratified with a freshwater plume one to two metres thick above the 
saline waters, distributing nutrients from runoff along the estuary (Birch et al., 2010; Lee et al., 
2011; Hedge et al., 2014).   
 
Figure 4. Box and whiskers plots for wind speed, temperature, salinity, pH, chlorophyll-a, 
oxygen saturation, pCO2 and emissions for the lower, mid and upper Sydney Harbour Estuary. 
Centre lines show the medians; box limits indicate the 25th and 75th percentiles as determined 
by R software; whiskers extend to minimum and maximum values. Number of samples for the 
upper, mid and lower estuaries are n = 970, 713 and 734 respectively. The solid line on the 
pCO2 figure represents the saturation value (390 µatm). 
The lower Sydney Harbour Estuary had low concentrations of Chl-a with a mean value of 2.4 
µg L-1 due to tidal flushing with nutrient poor East Australian Current coastal waters (Roughan 
and Middleton, 2002). In contrast the mid and upper estuary sections maintained a mean 
concentration of 6.5 ug L-1 with sustained higher concentrations in the upper estuary and 
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patches of high Chl-a in the mid estuary related to higher nutrient concentrations. Seasonally 
Chl-a concentrations were lower across all sectors of the estuary during autumn and winter and 
maximum in the upper and mid estuary sections in summer and spring. During the summer 
high rainfall event maximum Chl-a concentrations of over 100 µg L-1 were measured near 
Ermington Bay located in the mid Parramatta section of the estuary.  
Dissolved oxygen concentrations were generally over-saturated throughout the lower and mid 
Sydney Harbour Estuary becoming progressively more depleted, with decreasing distance to 
the riverine end members. The annual means of the upper estuary sections were below 
saturation with low dissolved oxygen concentrations persisting in the upper regions even after 
the heavy rainfall event. The OSat and Chl-a were strongly correlated (r > 0.6; p<0.05) in the 
mid and lower estuary sections with extreme OSat levels measured as high as 235% in response 
to elevated phytoplankton activity after the summer high rainfall event. 
The pH in the Sydney Harbour Estuary is highly variable and generally decreases towards the 
freshwater upper estuary sections with lowest values consistently found in the upper reaches 
and higher values found in the mid and lower estuary. The minimum value of 6.79 was 
measured in the upper Parramatta river end member with a maximum of 8.43 measured in the 
mid Parramatta estuary during the summer season. On the whole pH in the upper estuary 
sections had a mean minimum pH of 7.16 ± 0.2 units. pH in the upper Parramatta was slightly 
higher than  in the upper Lane Cove and Middle Harbour. Throughout the Sydney Harbour 
Estuary pH is highly inversely correlated with pCO2 (r = -0.77) and positively correlated with 
dissolved oxygen (r=0.66) so that low pH is associated with high values of pCO2 and low 
values of dissolved oxygen. 
Monthly pCO2 values along the Sydney Harbour Estuary (Figure 5) exhibited a dynamic range 
temporally and spatially. The general spatial distribution was characterised by the upper 
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riverine sections exhibiting higher values decreasing towards the marine dominated lower 
estuary that had values closer to saturation with respect to the atmosphere. The negative 
correlation of salinity with pCO2 in the upper sections and positive correlation in the mid and 
lower sections of the estuary indicates high pCO2 concentrations in the riverine waters flowing 
into the upper estuaries and low pCO2 concentrations associated with high salinity marine 
waters offshore. 
pCO2 at the Heads, at the entrance to the lower estuary, remained slightly under-saturated for 
six months of the year becoming slightly over-saturated in March, April and from October to 
December. Values in the mid estuary were highly variable but generally over-saturated while 
the upper estuary sections remained highly over-saturated throughout the year. The maximum 
daily variability in October of 4652 µatm along the longitudinal axis from 408 µatm near to 
saturation in the lower estuary to 5060 µatm, ten times the atmospheric concentration. The 
lowest pCO2 value of 173 µatm was observed on 5 February 2013 in the mid estuary after the 
summer high rainfall event. The annual mean pCO2 values for the upper, lower and mid estuary 
sections were 1193, 571 and 418 µatm respectively with a mean value of 727 µatm for the 
estuary as a whole. 
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Figure 5. Monthly values of pCO2 (µatm) for the Sydney Harbour Estuary measured during 
2013 with supplementary sampling undertaken in August and October 2015.  
 
August 
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Seasonal variability (Figure 6; Table 1) showed that estuarine pCO2 was generally 
supersaturated along the entire estuary releasing CO2 to the atmosphere throughout the year. 
The exceptions, when pCO2 values became under-saturated occurred; offshore at the Port 
Hacking coastal station; at the entrance to the lower Port Jackson Estuary; and throughout the 
mid and lower estuary sections after the summer high rainfall event. At the coastal station 
waters remained a sink for CO2 over the year with pCO2 staying under-saturated with minimum 
values of around 310 µatm occurring in autumn and winter and maximum values of around 
375 occurring in summer and spring. 
 
Figure 6. Mean seasonal and high rainfall event pCO2 values along the Sydney Harbour 
Estuary from the upper estuary to the coastal station end member. The shaded area defines the 
areas of the estuary that are below the atmospheric saturation value of 390 µatm. 
 
Sydney Harbour Estuary air-water CO2 emissions  
Seasonal and high rainfall CO2 emission rates for each section of the estuary and associated 
gas transfer velocities (eq. 2.2, 2.3, and 2.4) are shown in Table 1. W(1992) was taken to be 
the lower limit of the air-sea gas exchange except for the high rainfall scenario when the estuary 
became under-saturated RC(2001) emissions were used as the lower limit. J(2008) values were 
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taken to be the upper limit with RC(2001) emission rates used as intermediate values as they 
were in general agreement albeit around 20% lower than the J(2008) estimates. Although the 
differences between CO2 emissions of W(1992) and the other models is high, the range of gas 
transfer (k) values calculated for this study (0.2 to 7.3 cm h-1) are similar and within the range 
of those published by Dinauer and Mucci (2017) for the St. Lawrence Estuary (0.8 to 3.0 cm 
h-1 using Wanninkhof, 2014; 3.4 to 6.1 cm h-1 using Raymond and Cole, 2001). They are also 
within range of the constant values (1 to 13 cm h-1) published in Chen et al. (2013). 
Supersaturated conditions degassing CO2 from the estuary to the atmosphere (positive 
numbers) were observed throughout the year with strongest sources found in the high residence 
riverine channels associated with the permanently high pCO2 concentrations of the upper 
sections of the estuary. There was a general trend with pCO2 values decreasing from the upper 
sections along the channel towards the less saturated low retention marine channels of the Port 
Jackson section of the lower estuary. Waters in the lower estuary were close to saturation with 
weak air-water emissions observed to the estuary entrance at the Heads where waters remained 
under-saturated (negative) exhibiting a weak air-to-water sink during all seasons except for 
spring. 
The mean CO2 emission rates in the upper estuary sections were lower during autumn and 
winter (2.2 to 23.5 mmol C m-2 d-1) developing to a stronger source of CO2 in spring and 
summer (6.7 to 39.5 mmol C m-2 d-1). The mid estuaries were a weak to moderate source of 
CO2 with weaker emissions in the cooler seasons (0.6 to 5.7 mmol m-2 d-1) increasing in the 
warmer seasons (1.3 to 8.3 mmol m-2 d-1). The emissions for the lower estuary were found to 
be a weak source of CO2 with a mean range from 0.2 to 2.3 mmol C m-2 d-1.  
The upper limit of the CO2 evasion rate of 180.8 mmol C m-2 d-1 was observed in the upper 
Parramatta in spring associated with low dissolved oxygen and pH. The lower limit observed 
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in the mid Parramatta section of the estuary in February was associated with the summer high 
rainfall event and had an uptake rate of -10.4 mmol C m-2 d-1. Extreme levels of Chl-a (>50 µg 
L-1) and dissolved oxygen (~235%) were measured in association with the minimum air-water 
CO2 emissions.   
Area weighted annual emission estimates (Table 2a) generally exhibited substantially higher 
rates for the upper estuary sections with a mean daily emission rate with a range of 1.9 to 10.4 
mol C m-2 y-1 compared to the mid and lower estuary sections range from 0.5 to 1.1 mol C m-2 
y-1 and 0.2 to 0.4 mol C m-2 y-1 respectively. The whole estuary annual integrated emission rate 
ranged from 0.4 to 1.8 mol C m-2 y-1 indicating that the Sydney Harbour Estuary was a weak 
source of CO2 to the atmosphere.  
Table 2a. Area integrated daily (mmol C m-2d-1), annual (mmol C m-2y-1) and total (tonnes C 
y-1) air-sea CO2 emissions for the upper, mid, lower and whole of the Sydney Harbour Estuary. 
Mean values were spatially integrated, area weighted and summed to obtain the whole estuary 
high rainfall and annual emissions.  
 Upper  
(N=1062) 
Mid 
 
(N=1855) 
Lower 
 
(N = 795) 
Area Weighted 
Whole Estuary 
High rainfall  
Area Weighted 
Whole Estuary 
Annual 
 
Gas exchange 
coefficient Surface Area (km2) 1.99 28.74 21.40 52.12 52.12  
 
Area Integrated Daily 
CO2 Emission 
(mmol C m−2 d−1) 
  
5.1 
 
23.4 
 
28.5 
1.4 
 
5.0 
 
6.2 
0.5 
 
1.0 
 
1.1 
 
-0.8 
 
-1.7 
 
-0.8 
 
1.2 
 
4.1 
 
5.0 
W92 
 
RC01 
 
J08 
 
Area Integrated Annual 
CO2 Emission  
(mol C m-2 y-1) 
  
1.9 
 
8.5 
 
10.4 
0.5 
 
1.0 
 
1.1 
0.2 
 
0.4 
 
0.4 
 
0.4 
 
1.5 
 
1.8 
W92 
 
RC01 
 
J08 
Area Integrated Total 
CO2 Emission 
(tonnes C y-1) 
45 
204 
248 
175 
633 
983 
46 
95 
102 
-0.5* 
-1.0* 
-0.5* 
266 
931 
1114 
W92 
RC01 
J08 
* tonnes C d-1 
 
Annually the Sydney Harbour was found to be a net source of CO2 emitting an intermediate 
value of 930 t C y-1 (266 to 1114 t C y-1) to the atmosphere. The mid estuary that comprised 
the greatest surface area (55% of the total estuary) was the largest source of CO2 with area 
weighted emissions from 175 to 983 t C y-1. The upper estuary section, despite having much 
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higher pCO2 concentrations than the mid and lower estuary sections, comprises only around 
4% of the estuary surface area so produced less emissions (45 to 248 t C y-1) than the mid 
estuary sections. The large lower estuary that occupies 41% of the estuary surface area 
contributed the least to the annual emissions (46 to 102 t C y-1) total.  
The CO2 emission associated with the high rainfall event prior to the February survey as well 
as during a survey on 8th March (results not shown) were anomalous compared to the results 
for the rest of the year with large sections of the estuary being transformed into a sink drawing 
down CO2. The emissions of the lower and mid estuary sections ranged from strongly under-
saturated (-10.6 mmol C m-2 d-1) to weakly saturated (12.7 mmol C m-2 d-1) while the upper 
estuary sections maintained a high rate of degassing reaching a maximum of 139.0 mmol C m-
2 d-1 in the upper Parramatta section. The lower limit of the area integrated annual emissions (-
1.7 mmol C m-2d-1) drove a net drawdown of 1.0 t C d-1 into the Sydney Harbour Estuary.  
 
Discussion 
This study focused on the dynamics of the surface air-water CO2 emissions from the Sydney 
Harbour Estuary, a large temperate drowned river valley system located adjacent to an 
emerging megacity. A megacity is defined as an area with a population of 10 million or more 
(UN Department of Economics and Social Affairs, Population Division, 2007; Foran and 
Polldy, 2002). Comparisons with other estuaries in Australia and worldwide incorporated 
studies with sites located in tropical or temperate regions, where estuaries were of a similar 
large geomorphology and where CO2 emissions had been measured with adequate temporal 
and spatial resolution along the main channel. Integrating and ranking emissions from the 
Sydney Harbour estuary into the global carbon budget further required that studies had used 
comparable gas transfer equations.  
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Spatial and temporal CO2 variability 
pCO2 and associated air-water emissions showed substantial spatio-temporal variability 
between the upper, mid and lower sectors of the estuary. Temperature has a distinctive effect 
on CO2 concentrations with the temperature-dependent thermodynamic effect on sea surface 
pCO2 having an empirical relationship of approximately 4.23% per 1oC (Takahashi et al., 
2002). The spatial variability of surface-water pCO2 due to temperature was removed by 
normalising the data to 20oC, the average annual temperature of the whole-estuary over the 
study year. Although the comparison between the in situ and corresponding temperature–
normalised pCO2 indicated that changes in water temperature contributed to raising the pCO2 
by a maximum 31% (+438 µatm) in January and lowering by minimum of 48% (-730 µatm) in 
August, in 90% of the data the changes in pCO2 due to temperature effects was less than 30%. 
With a large spread of temperature normalised pCO2 data (146 to 4771 µatm) that could not be 
explained by thermal effects the remaining spatial variation in surface water pCO2 could be 
attributed to the combination of biological activity and water mass mixing (Dinauer and Mucci, 
2017). 
The influence of biological processes on the spatial variability of surface water pCO2 is shown 
by the strong negative correlation of pCO2 with Chl-a and OSat in all section of the estuary 
(Supplementary Material Figure 8). However, there was a strong positive correlation 
between Chl-a and OSat in the mid and lower sections and slightly negative but not significant 
correlation in the upper section. This suggests that phytoplankton were the dominant factor 
controlling the spatial variability in surface water pCO2 in the mid and lower sections while 
bacterial respiration predominated in the upper sections of the estuary.  
Long residence times, nutrient loads, soil-related bacteria and bacteria adapted to nutrient-rich 
environments (Sun et al., 2013; Jeffries et al., 2016) all enhance respiration and mineralisation 
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contributing to the high pCO2 concentrations in the upper estuary. Under low freshwater flow 
when the oceanic influence is at a maximum and nutrients from river inflow and local runoff 
are at a minimum (Revelante and Gilmartin, 1978) the most probable source of nutrients is 
recycling from the sediments. This phenomenon has been observed in other east Australian 
estuaries (e.g. Ferguson et al., 2004b; Eyre et al., 2011). Microbial activity in the upstream 
regions of the estuary is exacerbated in spring and summer under dry conditions with long 
residence times of up to 225 days (Das et al., 2000) and excessive urban heating leading to 
water temperatures reaching over 28oC in the upper estuaries. Inputs of nutrients and organic 
matter from run-off together with enhanced heating from urbanisation particularly during the 
spring and summer create favourable conditions for bacterial respiration influencing the 
concentrations of dissolved CO2 in the estuary (Feely et al., 2010). Driven by the intensity of 
the microbial respiration enhanced by urbanisation exceeding atmospheric and photosynthetic 
re-oxygenation, the upper estuary sections remained heterotrophic throughout the year.  
Although pCO2 in the mid sections of the estuary are negatively correlated to Chl-a and OSat, 
pCO2 is also positively correlated to temperature and salinity. The influence of hydrodynamic 
mixing between the low salinity, high nutrient waters of the upper estuary (Jeffries et al., 2016) 
with the high salinity, nutrient poor water mass of the lower estuary (Richardson and 
Poloczanska, 2009) causes large fluctuations in phytoplankton production rates. Additionally, 
during the generally dry conditions experienced in autumn the estuary was generally well 
mixed with incursions of saline marine water all the way to the upper estuary. Longer residence 
times associated with these conditions resulted in higher pCO2 concentrations (387 – 1778 
µatm) while short residence times associated with the high rainfall event lead to a decline in 
pCO2 concentrations (173 – 762 µatm). In the mid-section of the estuary pCO2 concentrations 
are highly dynamic and are generally over-saturated, however they can become under-saturated 
dependant on favourable hydrodynamic and hydrological conditions. 
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The lower estuary was characterised by slightly oversaturated pCO2 concentrations decreasing 
towards the harbour entrance where values generally remained below atmospheric equilibrium 
(~390 µatm). The pCO2 of the lower estuary had little correlation with temperature, a weak 
positive correlation with salinity and strong negative correlations with Chl-a and OSat. The 
surface pCO2 concentrations in the wide well flushed lower estuary show the least variation 
with sustained low values due to photosynthetic activity of marine phytoplankton together with 
tidal flushing from the under-saturated pCO2 coastal waters of the Tasman Sea (McNeil, 2010; 
Takahashi et al., 2002).  
Diel variation in pCO2 can be important in estuaries and coastal areas dominated by tidal 
variations and/or water column and benthic metabolism (Borges, et al., 2011; Chen et al., 2013, 
Laruelle, et al., 2013). The pCO2 time series in the lower estuary had a negative correlation 
with salinity (r = -0.5) and a positive correlation with temperature (r = 0.5) and tidal amplitude 
(r = 0.7) illustrating the influenced of tidal pumping of low pCO2 waters from the coastal waters 
(data not shown). The range in the pCO2 time series between low and high tide was around ±30 
ppm. The influence of water column production (i.e. shown by high Chl-a) during high sunlight 
hours (11am to 2pm) was of a similar magnitude. The tide series show there was no significant 
residual difference in pCO2 concentrations over a tidal cycle. The analysis of AOU due to light 
and dark variation show that during the night in the upper estuary bacterial respiration is greater 
than photosynthesis but this is reversed in the lower estuary (Supplementary Material Figure 
9). As such, the overall effect daytime productivity and night-time respiration on water column 
pCO2 is fairly balanced. However, it is unknown if it would be balanced in the mid and upper 
estuaries. 
pCO2 in the Sydney Harbour Estuary was similar to other systems, with high values in the 
upper riverine sections of the estuary decreasing seaward (Frankingnoulle et al., 1998; Sarma 
et al., 2011). The mean annual pCO2 concentration of 785 µatm for the whole estuary was lower 
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than most of 46 large freshwater river systems (Coal and Caraco 2001). Taking the mean pCO2 
concentration of 1193 µatm for the upper Parramatta, Lane Cove and Middle Harbour riverine 
sections, the value for the Sydney Harbour Estuary was still lower than 86 percent of these 
freshwater river systems but is of a similar magnitude to the Yangtze River in China (1222 
µatm) and Hudson River in the USA (1062 µatm) that are adjacent to the megacities of 
Shanghai and New York respectively.  
 
Episodic high rainfall events 
The Sydney Harbour Estuary, like other east Australian estuaries, experiences episodic high 
rainfall events that directly influences the biogeochemistry of the estuary making these systems 
different to more predictable seasonal or monsoonal estuaries (Eyre 1994; Eyre 2000; Ferguson 
et al., 2004a). The region is dramatically affected by East Coast lows that can bring large 
amounts of variable rainfall to the Sydney Catchment with El Niño also playing an important 
role in shifting weather patterns. This can result in unpredictable heavy rains for a few days 
followed by long periods of sunshine and heat waves. Associated with high rainfall events 
allochthonous nutrients, including decayed soil matter, sewage overflow and other land detritus 
are washed into the Sydney Harbour Estuary from the catchment, at which times concentrations 
can become significantly elevated triggering autochthonous phytoplankton production within 
the estuary (Jeffries et al., 2016).  
Bacterial communities have been linked to nutrient gradients in the Sydney Harbour Estuary 
(Crump et al., 2004; Jeffries et al., 2016; Fortunato et al., 2012; Liu et al., 2015) with 
allochtonous nutrient pulses from stormwater and sewage inputs greatest during rain events but 
persisting even during dry weather (Hose et al., 2006; Birch et al., 2010; Hedge et al., 2014). 
Large phytoplankton blooms developed in response to the influx of nutrients following rain 
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with Chl-a concentration over 20 times those measured during normal low-to-medium 
freshwater flows (~5 µg L-1). The associated oxygen concentrations remained supersaturated 
over 5 diel cycles (4 Feb to 9th Feb, 2013) after the high rain event with phytoplankton 
sequestering large amounts of CO2.  
Over the survey period primary production from this section of estuary consumed large 
quantities of CO2 with pCO2 in the estuary measured as low as 173 µatm. In association with 
the phytoplankton blooms and low pCO2 values, supersaturated dissolved oxygen 
concentrations were measured in excess of 235% saturation. The strong negative correlation of 
pCO2 with Chl-a and OSat indicated that biological pumping e.g. the process of converting 
CO2 (through the drawing down of dissolved inorganic carbon) to organic matter by 
photosynthesis, was the dominant driver of CO2 uptake. This nutrient-stimulated biological 
pumping that promoted the large uptake of CO2 with a maximum rate of -10.7 umol C m-2 d-1 
in the mid estuary. After this event the mid and lower sections of the Sydney Harbour Estuary 
transitioned the estuary into a net CO2 sink with integrated air-water emission rates between -
1.7 and -0.8 mmol C m-2d-1. The total area weighted drawdown of CO2 over the estuary was 
estimated to be 0.5 to 1.0 t C d-1. Three episodes of high rainfall occurred during 2013 with 
supersaturated levels of oxygen remaining for around 5 diel cycles resulting in a total 
drawdown over the study year of up to 15 t C y-1. While this does not constitute a major 
influence on the annual air-water CO2 exchange (~930 t C yr-1), under future climate scenarios, 
when more frequent heavier rainstorms are predicted (Garnaut, 2008), feedbacks related to the 
biological and hydrological cycles could have a greater impact on the annual carbon budget. 
Although there are many factors that influence estuarine and coastal primary productivity, the 
rates of supply of nutrients are fundamentally important in regulating this process (Pinckney, 
et al., 2001). Associated with high rainfall events sewage overflows mixed with stormwater 
runoff are a feature of the Sydney Harbour Estuary with most of the runoff delivered into the 
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narrow waterways of the upper estuary sections (Montoya, 2015). Under high rainfall 
conditions when the water column of the Sydney Harbour Estuary becomes stratified, with a 
freshwater plume one to two metres thick above the saline waters, nutrients entrained by runoff 
(Birch et al, 2010; Lee et al., 2011; Hedge et al., 2014) promote high rates of photosynthesis 
along the estuary. The plume-induced air-water emissions created sinks in the mid and lower 
estuary sections of the estuary while the upper sections remained strong sources of CO2 
emitting up to 139 µmol C m-2 d-1. It has been documented that other large river plumes with 
strong sources of CO2 in the upper estuaries can become sinks of CO2 under favourable 
conditions when nutrients entrained by river plumes promote high rates of photosynthesis 
(Smith, Jr. and DeMaster, 1996; Chen et al., 2012). Rivers that have significant plume-induced 
air-water emissions of CO2 include the Yangtze, Pearl, Amazon, Mississippi, Congo and 
Ganges (Chen et al., 2012; Cai, 2003).  
In contrast to estuaries with plume induced air-water emissions where CO2 emissions can 
decreased by over 5 fold after high rainfall episodes as seen in the Sydney Harbour Estuary, 
temperature normalised pCO2 has shown that other river dominated estuaries have different 
seasonal trends with maximum air-water CO2 emissions reached when river discharge rates 
were highest (Jaing et al., 2008; Ruiz-Halpern, 2015). These estuaries undergo different 
biogeochemical processes during high discharge periods than their plume-dominated 
counterparts. Some estuaries in India and Asia that experience sustained episodic flood events 
during monsoonal cycles such as the Godavari, Mandovi-Zuari, Cochin and Chilka have higher 
pCO2 concentrations during high discharge periods compared to several fold lower pCO2 
concentrations during dry periods (Sarma et al., 2012). Dry season CO2 emissions in the 
Godavari were 15.1 mmol C m-2 d-1 (Bouillon et al., 2003) but increased 10 fold to more than 
144 mmol C m-2 d-1 when using measurements from both the wet and dry seasons (Sarma et al, 
2011).  
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Contrary to our hypothesis although emissions were enhanced by nutrient-enrichment in the 
upper sections of the Sydney Harbour Estuary after a high rainfall event, the plume-induced 
biological stimulated air-water emissions in the wider mid and lower estuary sections under 
favourable hydrodynamic conditions transitioned the estuary into a sink drawing down CO2. 
This highlights the importance of resolving appropriate temporal and spatial scale to improve 
the accuracy of global coastal carbon budgets (Borges and Abril, 2011; Chen et al., 2013; 
Laruelle et al., 2013). In particular global estimates of CO2 air-water emissions may be over or 
under estimated due to a lack of high-resolution data available to adequately resolve episodic 
and monsoonal rainfall perturbations in large marine and river dominated ecosystems. 
 
Drowned river valley estuary geomorphology and CO2 emissions 
The geomorphology and urbanisation of an estuary can affect water temperature and 
biogeochemical gradients that regulate pCO2 concentrations as well as wind speed that is a 
principal factor in controlling the air-water exchanges of CO2 (Chen et al., 2013). The Sydney 
Harbour Estuary has long been known as a sheltered harbour with weaker wind speeds 
throughout the upper estuary due to complex topographic sheltering and stronger winds 
developing over the wider lower estuary (Spark and Conner, 2004). Narrow deep valleys lined 
with mangroves provide ample sheltering of the upper estuaries. Many complex bays are 
features of the mid and lower estuaries that open to a wide tidal embayment at the mouth. The 
width to depth ratio of drowned river valley estuaries is typically large. These estuaries appear 
funnel shaped, broadening and deepening seaward is a common feature for drowned river 
valleys systems particularly of the southeast coast of Australia (Roy, 1984).  
The entrance to the Sydney Harbour Estuary opens into a moderately wide (2 km) and deep 
(25m) embayment that provides the lower Port Jackson section with free exchange of low 
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nutrient, under-saturated (pCO2 < 390 µatm) Tasman Sea water (Takahashi et al., 2002) from 
the East Australian Current area. Discharge volumes oscillating on a semi diurnal tidal cycle 
flush the estuary with coastal waters at the rate up to 6000 m3s-1 in and out of the Heads at peak 
tides (Das et al., 2000). During the autumn (low freshwater flow season) salinity and pCO2 
have a very strong negative correlation (r = -0.83, p> 0.0001) indicating vigorous flushing of 
the lower estuary with under-saturated pCO2 coastal waters. Accompanying the tidal incursion 
is an influx of marine plankton of tropical origin that are brought into the estuary with the tide. 
The lower Port Jackson estuary has a significant positive correlation between Chl-a and oxygen 
saturation (r = 0.69) together with a negative correlation of Chl-a and CO2 emissions (r = -0.45) 
inferring persistent levels of photosynthetic activity coupled to a sustained drawdown of CO2.  
The dendritic nature of the Sydney Harbour Estuary drowned river valley system creates 
narrow upper estuaries that have pCO2 concentrations up to 30 times that of the mid and lower 
estuary sections. In the upper estuary sections a negative correlation between dissolved oxygen 
saturation and pCO2 indicates a control by biological processes. The nutrient content from 
freshwater flow brings limiting elements nitrogen and phosphorus into the estuary (Jeffries et 
al., 2016), so the waters of the upper estuary, that are already enriched with excess nutrients, 
act to degrade water quality by consuming oxygen and releasing excess CO2, conversely in 
lower estuary waters that are limited by these elements, photosynthesis is intensified. The upper 
estuary sections with high levels of bacterial respiration (Hose et al., 2006) combined with low 
pH from fresh water inflows yield very high rates of CO2 emission.  
Overall the Sydney Harbour Estuary was found to be a net source of CO2 with intermediate 
area weighted emission to the atmosphere of around 930 t C y-1 (266 to 1114 t C y-1). The river 
dominated sections of the upper estuary sustained high pCO2 emission rates throughout the 
year (1.9 to 10.4 mol C m-2 y-1) enhanced by high retention times and eutrophication of the 
narrow channels. The mid estuary sections with large, shallow, bays adjacent to the main 
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channel, sustained much lower emissions (0.5 to 1.1 mol C m-2 y-1) abated by biological activity 
and lower retention times. The large lower estuary, despite higher wind speeds had 
correspondingly low pCO2 values due to sustained low levels of biological activity and 
hydrodynamics that flush this wide-open section with low pCO2 marine waters. The drowned 
river valley geomorphology provided topographic sheltering of the mid and upper estuary 
sections that together with substantial tidal flushing of the lower estuary and sustained 
photosynthetic activity over the major proportion of the estuary, generally help to abate the 
overall CO2 emissions.   
The Sydney Harbour Estuary area integrated annual emissions were a moderate source of CO2 
(5 to 29 mmol C m-2 d-1) in the upper, a weak source (1 to 6 mmol C m-2 d-1) in the mid and 
very weak source (0.5 to 1 mmol C m-2 d-1) in the lower estuary sections. This range of annual 
CO2 emissions is substantially lower than the global emission rates defined as strong, moderate 
and weak (~39, 18 and 8 mol C m-2 y-1) for upper, mid and lower estuaries respectively (Chen 
et al. 2013). The Sydney Harbour Estuary was net heterotrophic with an intermediate annual 
area weighted emission rate of 1.5 mol C m-2 y-1 resulting in total emissions of 930 t C y-1. As 
hypothesised the Sydney Harbour Estuary was found to be a net source of atmospheric CO2 
with weak annual air-water emissions abated by low river inflows, weak wind speeds, high 
primary production and a large well flushed lower estuary. 
Megacities and CO2 emissions 
With over 30 megacities already in existence serious environmental problems including higher 
CO2 emissions, higher air temperature, additional wastewater, lower wind speed and reduction 
of green space have been documented (Cui and Shi, 2012). In recent decades, population 
growth, the burning of fossil fuels, agricultural practices, wastewater treatment plants and 
urban runoff have greatly increased nutrient inputs into estuaries over the levels that occur 
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naturally (Bricker et al., 1999). The concentration of nutrients in estuaries is dynamic in space 
and time being a function of inputs and outputs from river flows and oceanic exchange as well 
as biological uptake and regeneration (Day et al., 1989). As such large urban areas can increase 
point sources of nutrients along the estuary eliciting site specific responses that can enhance 
primary production (Cotovicz Jr et al., 2015) or respiration that contribute to the high uptake 
or release of CO2 along the estuary.   
In Sydney Harbour, despite being adjacent to an emerging megacity, high pCO2 concentrations 
were mainly found in the upper estuaries where 70% of the freshwater and associated material 
loads are discharged. Emissions of CO2 gradually become progressively less concentrated 
along the drowned river valley channel downstream towards the entrance of the harbour at the 
Heads where coastal ocean waters remained under-saturated at the offshore station throughout 
the year. In contrast to the eutrophic upper estuaries, the relatively large surface area of the 
lower estuary compared to its volume, together with regular tidal movements, effectively 
flushed the lower estuary with under saturated pCO2 coastal waters that helped to minimise the 
impact of urbanisation.  
Urbanisation has been shown to not only increase loads of anthropogenic nutrients but also 
river temperatures due to the transfer of heat from imperious surfaces to stormwater runoff 
(Paul and Meyer, 2001). After the summer high rainfall event stratification of the freshwater 
layer delivered nutrients to the mid and lower estuaries activating the biological pump 
stimulating the drawdown of CO2. The combination of elevated nutrient loads together with 
high summer thermal radiation provided the additional enhancement to the biological activity 
needed to transition the estuary into a sink. Guanabara Bay in Brazil provides an example of a 
marine dominated tropical system where biologically stimulated CO2 drawdown occurred due 
to the combined effects of radiation, thermal stratification and high nutrient loadings (Cotovicz 
Jr. et al., 2015). Although urbanisation-induced eutrophication has resulted in CO2 uptake and 
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in some estuaries (Gypens et al., 2009; Cotovicz Jr. et al., 2015) this is not well documented in 
other temperate large drowned river valley systems. For example, in the Yangtze and Pearl 
rivers, which are large systems located adjacent to megacities, there are plume-induced air-
water emissions of CO2 (Chen et al., 2012; Cai, 2003). Similar to the Sydney Harbour Estuary 
the lower section of these rivers may become sinks for CO2, while the upper estuaries remained 
high CO2 emitters due to enhanced terrestrial loads from urbanisation delivered to eutrophic 
waterways (Ran et al., 2016; Chen et al., 2012). In contrast, the Hudson River remains a 
heterotrophic ecosystem with high rates of planktonic bacterial production and high CO2 
emissions all year round (Vaque et al., 1992; Raymond et al., 1997). 
Low overall CO2 emissions in Sydney Harbour, despite its heavily urbanised catchment, 
reflects its small catchment to estuary ratio. The relatively small catchment results in a total 
annual inflow into the estuary that approximates the volume of the harbour (562 x 106 cubic 
metres). The estimated maximum recorded cumulated catchment discharge is equivalent to 
only about 1% of the peak spring tide discharge so the organic matter and nutrient loads of 
stormwater flows would be well diluted on reaching the lower estuary.  
The population density of cities is generally a measure of the pressure place on the adjacent 
estuary with the rate of increase in pollutants entering the system approximating the rate of 
population growth (Northern Territory Environmental Protection Authority, 2014).  For 
Sydney, there is a clustered population located around the estuary foreshore with a density 
according to the Department of Infrastructure and Regional Development (2012) between 500 
and 186,000 persons per km2 in the metropolitan region. As Sydney emerges into a megacity 
with a growth rate from the Bureau of Statistics for the next 25 years estimated to be around 
2.5% and the rate of pollutants entering the harbour approximate to the rate of population 
growth, intense pressure will be put on the severely impacted upper estuaries already at risk of 
eutrophication. With half a billion people living in highly polluted river basins and deltas 
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around the globe, most of them concentrated in megacities, assessment of environmental 
impacts on large estuaries of all geomorphic classes adjacent to existing and emerging 
megacities worldwide, could become a priority for future research. 
 
Comparison of CO2 fluxes with other estuaries 
Sydney Harbour is slightly net heterotrophic with very low CO2 emissions compared to 
estuaries globally (see Chen et al., 2013).  However, these high CO2 emission estimates are 
biased towards disturbed North American and highly engineered European systems with 
elevated loadings of organic matter and associated high respiration (Chen et al., 2013). In 
contrast, there was a small net uptake of -04 to -2.0 mmol m-2 d-1 of CO2 in three warm 
temperate east Australian estuaries driven by net autotrophic production (Maher and Eyre, 
2012) and a hypersaline bay with restricted circulation in western Australia and a sub-tropical 
estuary in south east Queensland were weak emitters of CO2 (2.0 mmol m-2 d-1; Smith and 
Atkinson, 1983 and 0.2 mmol m-2d-1; Adiyanti et al., 2016 respectively). A large emission of 
CO2 (up to 252.1 mmol m-2 d-1) from the Australian river dominated Richmond River estuary 
reflects the influence of acidic wetland (Ruiz-Halpern, 2015) (Table 2b).  
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Table 2b. Comparison of area-weighted seasonal and annual air-water CO2 emission from 
Australian estuaries.  Area Weighted CO2 Emission (mmol m−2 d−1) Annual CO2 Emission (mol m−2 y−1)    Estuary  Sumer  Autumn  Winter  Spring  Dry  Wet  Annual  Gas exchange Coefficient  Reference Sydney Harbour Estuary 
1.1 4.0 5.0 
0.6 2.9 3.8 
0.8 2.7 4.2 
2.4 6.0 6.8 
0.6 2.9 3.8 
-0.8 -1.7 -0.8 
0.4 1.5 1.8 
W92 RC01 J08 
This Study 
Hastings River 0.7 -5.4 3.3 -3.5   -0.4 RC01 Maher and Eyre (2012) Camden Haven -4.5 -3.6 -3.1 -8.4   -1.8 RC01 Maher and Eyre (2012) Wallis Lake -9.1 3.5 -5.3 -11.2   -2.0 RC01 Maher and Eyre (2012) Richmond River      252.1  RC01 Ruiz-Halpern et al. (2015) Caboolture River Estuary 0.3 0.3 0.3 0.1   0.1 W92 Adiyanti et al. (2016) 
 
Previous studies have shown that the estimates of gas transfer velocity can vary significantly 
depending on the parameterization used (Wanninkhof et al., 1992; Wanninkhof and McGillis, 
1999; Wanninkhof et al., 2004; Ho et al., 2006; Weiss et al., 2007; Jaing et al., 2008). When 
comparing emissions from different estuaries the same relationship should be used for 
consistency (personal communication R. Wanninkhof, 2016). Currently calculations of global 
emissions are based on a variety of piston velocities and lack comprehensive measurements 
over a range of environmental conditions so that confidence in the direct comparison between 
estuary emission rates is low. To provide a measure for comparing estuaries of vastly different 
length and drainage basin size to the Sydney Harbour estuary the rate of discharge per unit area 
was used (Table 3).  
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Table 3. Mean discharge per unit area for a range of estuaries with annual air-water CO2 
emission calculated using the transfer velocity parameterizations of RC(2001), W(1992), 
Borges(2004), Jiang (2008) and a constant velocity (8 cm h-1). 
 Estuary Classification Drainage Area 
(x103 km2) 
Mean Discharge 
Rate (x103m3/s) 
Mean Discharge 
per unit area 
(m3/s/km2) 
Annual CO2 
Emission (mol C 
m−2 y−1) 
Gas exchange 
Coefficient 
 
Reference 
Australia 
Sydney 
Harbour 
Estuary 
Drowned River Valley 0.5 0.007 (a) 0.014 (a) 0.4 
1.5 
1.8 
W(1992) 
RC(2001) 
J(2008) 
This study 
USA 
Neusse River 
York River 
Hudson River  
Altamaha 
Drowned River Valley 
Drowned River Valley 
Drowned River Valley  
Sound 
16 
6.9 
1.8 
36 
0.15 (b) 
0.071 (c) 
0.460 (d) 
0.585 (e) 
0.009 
0.010 
0.014 
0.0115 
4.7 
5.6 
5.9 
26.8 
Jiang (2008) 
Clark et al. (1994) 
Clark et al. (1994) 
W(1992) 
Crosswell et al. 2012 
Raymond et al. (2000)  
Jaing et al. (2008) 
Europe 
Scheldt  
Elbe River 
Rhine River 
 
Aveiro 
Engineered System 
Engineered System 
Engineered Tectonic 
 
Lagoon 
22 
148 
160 
 
2.6 
0.12 (f) 
0.87 (f) 
2.0 (f) 
 
0.025 (d) 
0.005 
0.006 
0.014 
 
0.010 
94.1 
65.7 
21.9 
 
12.4 
Constant 
(8 cm h-1) 
 
“ 
“ 
Borges and 
Frankingnoulle 
(Unpublished) 
Frankingnoulle et al. 
(1998) 
 
“ 
“ 
 
Borges and 
Frankingnoulle 
(Unpublished) 
Vietnam 
Mekong River Tectonic Delta 
 
795 14.5 (e) 0.018 30.8 W(1992) Borges (unpublished) 
China 
Yangtze River Tectonic Delta 1959 34 (f) 0.017 24.9 W(1992) Zhai et al. (2007) 
 
India 
Godavari 
River 
Tectonic Delta 
 
313 3.5 (g) 0.011 29 W(1992) Sarma et al. (2001) 
Taiwan 
Tan Shui Tectonic Estuary 
 
26 0.025 (f) 0.010 49.8 W(1992) Sarma et al. (2001) 
Drainage area and mean discharge rate; (a) Modified from Lee and Birch (2011), (b) Cresswell 
et al. (2012), (c) Nichols et al. (1991), (d) Choi and Wilkin (2007), (e) McCallum and Alhadeff 
(2004), (f) Fettweis et al. (2012), (d) Genio et al. (2008), (e) Gupta (2000), Mook et al. (2000), 
(g) Sarma (2012), (h) Lui (2001).  
 
Of the 165 estuaries with CO2 emissions (Chen et al., 2013) the Hudson River and Yangtze 
River are the only other large temperate estuaries included that are located adjacent to 
megacities (New York and Shanghai respectively both host to a population of over 20 million). 
Compared to these and other large estuaries (Figure 7) CO2 emission (weighted m3 s-1 of 
discharge per km2 of estuary surface area) from Sydney Harbour (0.4 to 1.8 mol C m-2 y-1) were 
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an order of magnitude lower than large tectonic deltas of China, Vietnam, Taiwan and India 
(24.9 to 31 mol C m-2 y-1) the lagoon systems and highly engineered and polluted estuaries of 
Europe (63 to 94 mol C m-2 y-1). However, emissions in Sydney Harbour were lower but similar 
to other natural drowned river valleys in the USA including the York River, the Neuse and the 
Hudson River (4.7 to 5.9 mol C m-2 y-1). As such, discharge per unit area appears to be a good 
predictor of CO2 emissions for estuaries of a similar geomorphic class.  
 
Figure 7.  Comparison of air-water CO2 emissions in natural drowned river valley estuaries 
(round dots) to tectonic, sounds, lagoons and engineered estuary systems (triangles). Estuaries 
adjacent to megacities are marked with an (*). (References for the data are listed in Table 3). 
Note: Comparisons with other estuaries incorporated studies with sites located in tropical or 
temperate regions, where estuaries were of a similar large geomorphology and where CO2 
emissions had been measured with adequate temporal and spatial resolution along the main 
channel. Out of the many estuaries that fit these criteria many had insufficient seasonal data to 
resolve meaningful annual values with others having been calculated using a variety of 
different models so the values were not specifically relatable to those calculated for the Sydney 
Harbour Estuary.  
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Supplementary Material Figure 8. 
 
 
a). Upper Estuary 
b). Mid Estuary 
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Supplementary Material Figure 8. Correlation matrix plots for the a) upper, b) mid, and c) 
lower sections of the estuary produced using the Performance Analysis package in R. The plots 
show the value of the Pearson correlation coefficient (r) for the variables (temperature, salinity, 
Chlorophyll-a, Oxygen Saturation and pCO2) and the result of the correlation test. Displayed 
on the plots are: the distribution of each variable on the diagonal; the bivariate scatter plots 
with a fitted line on the bottom of the diagonal; the value of the correlation plus the significance 
level (p < 0.05) is denoted by a star symbol on the top of the diagonal.  
The strength and combination of all these biogeochemical variables are reflected in the 
difference of pCO2 concentrations in each section of the estuary. The correlation analysis 
revealed a number of significant associations between the studied parameters (p<0.05). 
Significant negative correlations occurred between: pCO2 and OSat; and pCO2 and Chl-a in all 
sections; Salinity and Chl-a and Salinity and OSat in the mid and lower sections; and pCO2 and 
salinity in the upper sections of the estuary. 
Significant positive correlations occurred between: OSat and Chl-a in the mid and lower 
section; pCO2 and Temperature and pCO2 and Salinity in the mid-section; Temperature and 
Chl-a in the upper and lower sections; Temperature and OSat in the lower section; and 
Temperature and Salinity in the mid and upper sections of the estuary. 
c). Lower Estuary 
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Notably Chl-a and OSat in the upper sections of the estuary were oppositely correlated to the 
mid and lower sections with a strong positive correlation in the mid and lower sections 
compared to a slight negative but not significant correlation in the upper section. Salinity and 
pCO2 are negatively correlated in the upper section and positively correlated in the mid and 
lower sections of the estuary. 
Supplementary Material Figure 9. 
 
 
 
 
 
 
 
Supplementary Material Figure 9. Apparent oxygen usage (AOU) in the mid-upper estuary 
and lower estuary sections for dark and light hours. (Data sourced from Parramatta City 
Council buoy at Ermington Bay in the mid-upper estuary and from Chowder Bay wharf in the 
lower estuary). 
  
74 
 
Chapter 3 - Carbon budget for a large drowned river valley 
estuary adjacent to an emerging megacity (Sydney Harbour) 
 
ABSTRACT 
Annual organic and inorganic carbon budgets were constructed for the Sydney Harbour 
Estuary. Net ecosystem metabolism was the main control on carbon fluxes in the system. 
Sydney Harbour Estuary was slightly net heterotrophic, which is consistent with a small CO2 
emission of 0.8x108 mol C y-1. Terrestrial carbon loads were 70% dissolved inorganic carbon 
(DIC), 21% dissolved organic carbon (DOC) and 9% particulate organic carbon (POC). DIC 
was exported to the ocean (4.19x 108 mol C y -1) and an import of organic carbon (OC) (1.92 x 
108 mol C y-1) from the ocean was required to balance the budget. Sydney Harbour had high 
sediment organic carbon burial rates similar to other river valley estuaries including the Hudson 
River and Chesapeake Bay. Productivity was the main sink of inorganic carbon followed by 
sediment burial, emissions of CO2 to the atmosphere and oyster sequestration. This study 
highlights the importance of determining the sources, sinks and transformations of all the 
carbon forms in constructing estuarine budgets. 
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Figure 10. The graphical abstract illustrates the annual carbon budget for the Sydney Harbour 
Estuary. Shown are the quantities of dissolved inorganic (DIC) and total organic carbon (TOC) 
that accounted for in the carbon budget through input, transformation, loss and import/export 
processes. Note: units are in 108 mol C y-1. 
 
Introduction 
Estuaries play a major role in the global carbon cycle (Gattuso et al., 1998; Mackenzie et al., 
2012) including the transport, removal and long-term storage of carbon moving along the 
aquatic continuum from catchments to the ocean. Estuaries export around 1 Pg (1015 grams) of 
carbon per year to the coastal ocean (Maybeck, 1982; Guo et al., 2009; Dai et al., 2012; Huang 
et al., 2012) and emit around 0.25 Pg C y-1 to the atmosphere (Borges et al., 2005; Chen et al., 
2013; Bauer et al., 2013; Laruelle et al, 2013). A budget is a way of constraining the inputs, 
outputs and transformations of organic and inorganic forms of carbon in estuaries.  
Human pressures and climate change can influence carbon loadings from the watershed 
altering the source (heterotrophic) and sink (autotrophic) balance of an estuary (Ciais et al., 
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2008). Heterotrophic processes transform organic carbon (OC) into inorganic carbon (IC), and 
autotrophic processes transform IC into OC. Net autotrophic systems thus generally import 
nutrients and inorganic carbon (IC) and regenerate, export or bury organic carbon (OC), 
whereas net heterotrophic systems import OC and regenerate and export IC and nutrients 
(Nixon, 1995; Boynton and Kemp, 2000). Urban estuaries, in particular, can generate large 
amounts of dissolved inorganic carbon (DIC) of which a fraction is released to the atmosphere 
as CO2 (Arnold et al., 2017) with the remainder being exported to the ocean. Autochthonous 
production of carbon in some systems can equal or exceed the river or marine input, 
significantly altering the composition of material exported to the coastal ocean. Accounting for 
the transformations between organic and inorganic forms is therefore an important part of an 
estuary carbon budget (Bauer and Bianchi, 2011; Bauer et al., 2013).  
Key components of an estuarine carbon budget include: terrestrial carbon inputs, carbon 
transformed along the waterway via ecosystem metabolism (photosynthesis and respiration), 
carbon diffused through the air-sea interface, carbon exported by fish harvesting, carbon stored 
by calcium carbonate production (e.g. oyster shells), carbon sequestered in sediments of non-
vegetated and vegetated habitats and carbon exported or imported to/from the coastal ocean. 
The partial pressure of CO2 (pCO2) provides a measure of the balance between organic matter 
production and decomposition (Raymond et al., 2000; Frankingnoulle and Borges, 2001; 
Brasse et al., 2002) presenting a relative measure of the autotrophic or heterotrophic state of an 
estuary. CO2 emissions from over 150 estuaries globally suggests that the majority of estuarine 
ecosystems were net heterotrophic with, in most cases, net heterotrophy sustained by input of 
organic carbon from the catchment (Gattuso et al., 1998; Chen et al., 2013). Although there are 
a number of studies on CO2 emissions from estuaries globally there are few estuarine carbon 
budgets that resolve both the organic and inorganic carbon pathways (Griffith and Raymond, 
2011; Maher and Eyre, 2012; Testa et al., 2016). There are also only a few carbon budgets for 
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large drowned river valley estuaries e.g. Narragansett Bay, Chesapeake Bay and the Hudson 
River in the US (Nixon et al., 1995; Kemp et al., 1997; Paulsen, 2015).  
Chesapeake and Narragansett Bay represent examples of temperate drowned river valley 
estuaries that generate substantial positive net ecosystem metabolism (NEM) (autotrophic 
systems) due to large inputs of inorganic nutrients received from agricultural runoff and 
wastewater discharges (Kemp et al., 1997). The budgets for Chesapeake Bay and Narragansett 
Bay however are missing most of the IC budget terms. The only other large temperate drowned 
river valley estuary adjacent to a megacity that is comparable to the Sydney Harbour Estuary 
with an annually resolved carbon budget is the Hudson River Estuary. The Hudson River is 
heterotrophic although the budget was mostly focussed on organic carbon with only a few 
inorganic carbon terms resolved (Howarth, et al., 1996; Cole and Caraco, 2006; Kuzyk et al., 
2009; Griffith and Raymond, 2011; Zhu and Olsen, 2014).   
Sydney Harbour Estuary has small CO2 emissions of 0.8x108 mol C y-1 (Tanner et al., 2017). 
As such, the hypothesis of this study was that the carbon budget for this large urban river valley 
estuary would be net heterotrophic over an annual cycle. To test this an annual carbon budget 
was constructed for the Sydney Harbour Estuary. The carbon budget was then compared with 
other drown river valley and global estuaries to determine if there were similarities and 
differences in the carbon budgets. 
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Methods 
Study area  
The Sydney Harbour Estuary is a drowned river valley system adjacent to an emerging 
megacity, Sydney (Figure 11). The estuary is subject to considerable urban pressures and has 
enormous economic, social and environmental importance for the city and Australia 
(Hutchings, et al, 2013; Hedge et al., 2014; Mayer-Pinto et al. 2015). The estuary is a well-
mixed microtidal system with three narrow tributaries in the upper reaches, Parramatta River, 
Lane Cover River and Middle Harbour that discharge into the lower wider Port Jackson section 
of the estuary at the entrance to the harbour. The shores of the upper estuaries are lined with 
areas of vegetated habitat including mangroves and saltmarsh with seagrass beds found mainly 
in the shallow bays of the lower estuary. The hydrographic and geomorphic setting of the 
estuary influences the relative importance of each carbon source (Welsh et al., 1982; Matson 
et al., 1983). 
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Figure 11. Study Site and sample locations for the annual carbon budget of the Sydney Harbour 
Estuary. 
 
Sydney Harbour Estuary is located adjacent to the most populated (4.76 million people; 
Australian Bureau of Statistics, 2013) highly urbanised (86%) catchment in Australia (Lee et 
al., 2011) making it vulnerable to water quality degradation enhanced by diffuse sources of 
wastewater pollution from stormwater and wastewater overflows particularly under high 
rainfall conditions with inflows concentrated in the upper estuary sections. The Sydney 
Harbour Estuary is generally well-mixed except when it develops a surface layer freshwater 
plume in response to episodic high rainfall events (Lee et al., 2011). The riverine dominated 
upper estuary is highly impacted by urban development. In contrast, the marine dominated 
lower estuary is more resilient to human influences due to its low catchment to estuary ratio 
(10:1) and classic drowned river valley geomorphology that maintains free exchange with the 
coastal ocean (Tanner et al., 2017). Sydney’s temperate climate delivers highly variable 
rainfall. Over the year 2013 Sydney Observatory Hill recorded 1344 mm of rain, which is above 
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the historical average of 1215 mm (Bureau of Meteorology, 2014). With no permanent rivers 
in the catchment the retention time in the estuary is sensitive to variations in freshwater flow 
from the catchment. Retention times can range from a few days after a high rainfall event up 
to 255 days under general base flow conditions (Das et al., 2000; Hedge et al., 2014) 
particularly in the highly restricted upper estuaries and bays.  
 
Budget Construction 
The carbon (C) modelling framework of Eyre and McKee (2002), Eyre et al., (2011) and Maher 
and Eyre (2012) was used to construct the budget. The budget modelling assumes steady state, 
therefore the sum of inputs, outputs and storage of carbon within the defined system should 
equal zero ± error. DIC and Total Organic Carbon (TOC) are calculated separately. The model 
includes 7 input terms for carbon: Riverine DIC, DOC POC; atmospheric DIC, DOC, POC; 
wastewater TOC; 2 carbon cycling terms: Gross Primary Production (GPP), Community 
Respiration (CR); 6 output terms: air-water CO2 emissions; non-vegetated organic carbon (OC) 
burial, non-vegetated inorganic carbon (IC) burial; vegetated OC burial; fisheries OC export 
(recreational catch and oyster filtering) and new oyster IC sequestration. The carbon budget 
boundary conditions and catchment inputs are given in Table 4.  
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Table 4. Boundary conditions and catchment inputs of the Sydney Harbour Estuary.  
 High retention 
upper estuaries 
and bays 
Low retention 
mid and lower 
estuary 
channels 
Reference 
Catchment Area (km2) 424.3 55.7 Sydney Lands Department 
Annual Rainfall (mm) 1344.4 Australian Buerau of Meteorology 
Open Water Area (km2) 8.5 43.5 NSW Maritime Authority 
Mean Depth (m) 5 13 NSW Maritime Authority 
Volume (x106 m3) 165 397 NSW Maritime Authority 
Freshwater inflow          
(x106 m3 y-1) 280 82 Provost, 2015 
Mean Flusing time (days) 40-130 1-42 Hedge et al. 2014 
Mangrove Area (ha) 184.7  Creese et al., 2009 
Saltmarsh Area (ha) 35.5 2.0 Kelleway et al., 2007 
Seagrass Area (ha) 17.8 34.0 Creese et al., 2009 
Average fisheries production 
wet weight (t y-1)  160 Ghosn et al. 2010 
 
The carbon budget was developed over one year (2013) with additional time-series and loading 
measurements taken during 2014. Moles of carbon were used throughout all calculations. All 
terms were rounded to two decimal places, even though the accuracy this suggests is much 
greater than can be justified by the methods used. This was to avoid progressive accumulation 
of rounding errors and to avoid loss of some of the smaller fluxes, which were less than the 
rounding errors of the larger fluxes. Budget errors were assessed in three ways. Firstly, errors 
were assigned to each of the budget terms. Using the data from Supplementary Material 
Table 8 error estimations were calculated according to Eyre et al. (1994; 1995) and Maher and 
Eyre (2012) as follows: Budget term error = [(mean1 x error2)2 + (mean2 x error1) 2 + (error1 x 
error2)] 0.5 where the subscripts 1 and 2 are the terms used for calculating the budget term. The 
ocean exchange of TOC and DIC includes the sum of the errors associated with these terms. 
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All terms that were not directly measured were assigned a 100% error term. A sensitivity 
analysis was performed to see if the error in each term influenced the overall conclusions (Eyre 
et al., 2011). The carbon budget was also checked using a number of convergence of estimates 
approaches (Kemp et al., 1997; Eyre and McKee, 2002). The ocean exchange DIC term was 
calculated separately using the formula by Gazeau et al. (2005) and DIC and TOC terms were 
verified by the volume transport method that takes into account the diffusive flux according to 
Wolanski and Elliot, (2015). Volume inflows and TOC concentrations were also checked 
against the independent measures of the Sydney Harbour catchment model (Catchment 
Research, 2014).  
 
Data collection and analysis 
To determine carbon riverine loadings DIC, DOC and POC samples were collected over three 
wet weather and four dry weather sampling campaigns during 2013 and 2014 at the 5 major 
tributary, creek and canal inflow locations along the Sydney Harbour Estuary (Figure 11). 
Additional flow-weighted sampling was undertaken during varying wet and dry conditions at 
the major inflow locations at Parramatta, Lane Cove and Middle Harbour. Rainfall samples 
were collected on three occasions for concentrations of DIC, DOC and POC in the Parramatta 
and Lane Cove catchments. A time-series of hourly DIC, DOC and POC samples were 
collected at Chowder Bay (close to the marine end of the estuary) over two semi-diurnal tidal 
cycles to estimate the export of DIC from the estuary. Rainfall during the study period and the 
timing of all the sampling campaigns are shown in Figure 12.  
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Figure 12. Daily average rainfall (mm) at Sydney Olympic Park rainfall staion for 2013 - 2014. 
Dry weather sampling (triangles); weather sampling (diamonds); flow weighted sampling 
(series of diamonds); rainfall sampling (squares). (Data Source: Bureau of Meteorology) 
 
Samples were collected 10 cm below the surface and filtered through pre-combusted GFF 
filters. A 0.5 mL saturated solution of mercuric chloride was added to a 40-mL borosilicate 
glass vial prior to the addition of the sample to terminate microbial activity then refrigerated 
(4oC) until analysis. In the laboratory DIC and DOC concentrations were determined by wet 
oxidation with a TOC analyser (Aurora 1030W, OI Scientific)(St-Jean, 2003; Oakes et al., 
2010). POC concentrations were collected as per DIC and DOC samples with up to 1 litre of 
water filtered onto the pre-combusted GFF filters. Samples were fumed in concentrated HCl 
for 12 hours to remove inorganic carbon, dried, weighed and stored in a vacuum jar until 
analysed with an elemental analyser (Flash EA) (Oakes et al. 2010).  
 
River carbon loads  
Riverine loads of DIC, DOC and POC were calculated by integrating flow-weighted 
concentrations and discharge (McKee et al., 2000; Eyre and Pont, 2003) from the samples 
collected at the 8 inflow locations during the wet and one dry sampling campaigns (Figure 11). 
As discharge gauging stations were only available for two locations, the Urban Pollutant Area 
and Runoff Computation (Urban PARC) hydrologic model (Provost, 2015) was used to 
estimate inflow volumes for each location over the study year. Point source and diffuse flows 
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discharged from the whole catchment were accumulated into the main tributaries, rivers and 
creeks that were sampled during the tributary loading campaigns. A discharge versus 
concentration relationship was developed for DIC, DOC and POC (Supplementary Material 
Figure 21) with annual carbon loads (mol C y-1) estimated using the concentration relationships 
multiplied by the discharge rate for each section of the estuary then summing daily measured 
and modelled loads.  
 
Wastewater diffuse carbon loads 
There are no point sources of wastewater that discharge into the estuary due to the closure of 
sewage discharge points. Wastewater overflows however occur randomly at over 553 diffuse 
wastewater locations (Freewater et al., 2014) so only about 10% of the overflow may have been 
captured via the river loading sampling campaigns. The volume of the other 90% of diffuse 
wastewater volume that is discharged into Sydney Harbour was obtained from Sydney Water.  
Small volumes of undiluted wastewater were discharged into the Sydney Harbour Estuary 
during dry conditions (1.0 x107 L) with large volumes (4.21 x 1010 L) of partially or untreated 
diluted wastewater (x7 dilution) discharged during wet conditions over the study year. It was 
assumed that these overflows are dominated by TOC and that DIC was negligible. A biological 
oxygen demand (BOD) of 220 mg L-1 typical of untreated domestic wastewater 
(Tchobanoglous et al., 1991) with a TOC:BOD mass ratio of 0.5 was used to convert BOD to 
TOC for the untreated wastewater (Jassby et al., 1993; Maher and Eyre, 2012).  
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Rainfall carbon loads 
The volume of rainwater falling over the Sydney Harbour Estuary was calculated from the 
Bureau of Meteorology rainfall data from Sydney Observatory Hill (1344.4 mm) multiplied by 
the open water surface area of the estuary (52.12 km2). The volume of water falling over the 
estuary was multiplied by the average measured concentrations of DIC (19 µmol L-1), DOC 
(184 µmol L-1M) and POC (16 µmol L-1). The figures for the dissolved carbon components are 
within range of the global continental or coastal rainfall average concentrations DIC 17 µmol 
L-1, DOC 192 µmol L-1 (Willey et al., 2000).  
 
Whole Ecosystem Metabolism 
Total metabolism was calculated using the open water method (Caffrey, 2003). Dissolved 
oxygen data from two locations were used for the calculation of community respiration (CR), 
gross primary production (GPP) and net ecosystem metabolism (NEM). Data from Ermington 
Bay represented the high retention upper estuaries and bays and data from Chowder Bay 
represented the low retention channels. The Ermington Bay data were sourced from the real-
time water quality monitoring buoy maintained by Parramatta City Council 
(www.parracity.nsw.gov.au/live/my_environment/water_and_waterways/water_quality, 
accessed 12-12-2016). Dissolved oxygen saturation together with oxygen concentration, 
temperature and salinity were measured using a YSI6600 sonde continuously over 2013 at 15-
minute intervals together with temperature, chlorophyll-a, pH, electrical conductivity and 
turbidity. The instrument was calibrated and maintained monthly and after quality control 9 
months were selected for the calculation of the metabolism for the high retention upper 
estuaries and bays. 
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Dissolved Oxygen data in Chowder Bay were collected using a YSI Sonde (Springs 
Instruments, Model 6600 V2) from the wharf at Chowder Bay located near the estuary-ocean 
boundary. Dissolved oxygen saturation together with oxygen concentration, temperature and 
salinity were measured at 10-minute intervals over three time series: Jan/February (30-1-2013 
to 4-2-2013); September (1-9-2014 to 15-9-2014) and October (15-10-2014- 20-10-2014).  
Metabolism was calculated for each time series from the dissolved oxygen, oxygen 
concentration, temperature and salinity data as detailed in Caffrey (2003). 
Firstly air-sea exchange was calculated in g O2 m-2 using equation 3.1: 
Air-Sea Exchange = (1-(DOsat, t2 + DOsat, t1)/200) x 0.5 x dt    eq. (3.1) 
Where: (DOsat, t2 + DOsat, t1) are the oxygen saturations (units %) at times t1 and t2 and dt is the 
time difference in hours, between t2 and t1. A coefficient of 0.5 g O2 m-2 hr-1 at zero O2 was 
used to estimate the air-sea exchange (Kemp and Boynton, 1980).  
Secondly for each time interval, air-sea exchange was subtracted from the change in oxygen 
concentrations (DO) in g O2 m-3 multiplied by water depth (m) to give oxygen flux (g O2 m-2) 
as described by equation 3.2:  
Oxygen flux = (DOt2 – DOt1) x water depth (m) – air-sea exchange   eq. (3.2)  
The average depth of the whole water column for the high retention upper estuaries and bays 
was 5.0 m and for the low retention channels and lower sections of the estuary was 10.7 m. Net 
Primary Production (NPP) was calculated by summing the oxygen flux over monthly hours of 
daylight. Dark oxygen fluxes were summed over monthly hours of darkness. Defining 
respiration as a positive quantity night oxygen fluxes were multiplied by -1 to give a night 
respiration rate. Assuming a constant rate of respiration during the day and night, night 
respiration divided by hours of night equals the hourly respiration rate (g O2 m-2 h-1). GPP = 
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NPP + dark respiration. Community Respiration (CR) = dark respiration x 24 hours.  NEM = 
GPP - CR.  
The metabolism values initially calculated using oxygen flux (g O2 m-2 d-1) were converted to 
rates of carbon production and respiration (g C m-2 d-1) using the molar ratio of carbon to 
oxygen and assuming a photosynthetic and respiratory quotient equal to one (Saintilan and 
Overton, 2010). Carbon productivities were multiplied by area (8.5 and 43.5 km2 for high 
retention and low retention sections respectively) and molar mass to give areal rates of carbon 
flux (mol C y-1) for the whole harbour over the year. 
 
Benthic and Pelagic Metabolism 
Benthic GPP, CR and NEM are from sediment core incubations (Sutherland et al. 2017). 
Measurements were made over four months (February, March, April and May) at four 
representative sites in high retention bays and low retention channels along the estuary at sites 
0, 200 and 1000 m from stormwater outlets. As results from the study showed a gradient with 
highest flux rates closest to stormwater outlets benthic metabolism rates were extrapolated over 
the whole estuary based on the distance from the stormwater outlet and whether the 
measurement was in a high retention bay or low retention channel e.g. data for the 0 – 1000 m 
high retention sites were used for the bay areas; data for the 0-200 m low retention channels 
were used for the upper estuary channels and data for the 1000 m low retention channels were 
used for the lower and mid estuary channel sections. Temporally and spatially averaged 
monthly benthic GPP, CR and NEM rates were calculated for high retention and low retentions 
sections of the estuary, then multiplied by 12 to estimate the yearly fluxes. The mass of oxygen 
flux (g O2 m-2 yr-1) was then converted to mass of carbon flux (g C m-2 yr-1) as per whole 
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ecosystem metabolism. Pelagic metabolism was calculated by taking benthic metabolism away 
from the whole ecosystem metabolism.  
 
Air-Water CO2 Emissions 
Annual air-sea emissions were from Tanner et al., 2017. Twelve monthly surveys were 
completed along the longitudinal axis of the Sydney Harbour Estuary and up each of the main 
tributaries to the weir barrier or tidal limits. The CO2 air-sea emissions used in the budget were 
computed according to Wanninkhof (1992) using the gas transfer velocity (k) parameterisation 
of Raymond and Cole (2001). 
 
Carbon burial in non-vegetated habitats 
Carbon burial (mol C yr-1) in non-vegetated habitats was estimated from 210Pb sedimentation 
rates determined at 24 sites across Sydney Harbour (Figure 11) and a classification of 
depositional zones based on the sediment types silt (mud), silty sand, sandy silt and sand 
(Taylor et al., 2004; Lean, 2013, Birch et al., 2015). Cores from four of the sites, that were 
representative of the different depositional environments, were analysed for percent organic 
carbon (OC). The cores were sliced at 0-1 cm intervals, freeze dried, acidified and analysed 
with an elemental analyser (Flash EA) as per POC to give the percent OC per sample. The 
percent inorganic carbon (IC) was calculated as per organic carbon from 11 surficial sediment 
cores from 1990 data provided by L.J. Hamilton of the Defense Science and Technology 
Organization. The samples were analysed for inorganic carbon as detailed in Mulhearn (1995).  
The organic carbon content for the sandy sediment of the lower estuary Port Jackson section 
was represented by the Chowder Bay core; the sandy/silt sediments of the mid Parramatta and 
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central estuary basin sections were represented by the Cockatoo Island core, the silty/sand 
sediments of the mid Parramatta, Lane Cove and Middle Harbour estuary sections were 
represented by the Farm Cove core and the mud/silt sediments of the upper estuary and shallow 
bays sections were represented by the Glades Bay core. The inorganic carbon content for the: 
lower Port Jackson estuary section was represented by cores taken at Grotto Point and Middle 
Harbour entrance; mid Port Jackson and Lane Cove sections were represented by cores taken 
at Mann’s Point and Woolwich; mid Parramatta section was represented by cores taken at 
White Horse Point, Cockatoo Island and Goat Island; bays were represented by cores taken 
from Mosman Bay, Berry’s Bay, Rose Bay and Mort Bay. For both OC and IC analyses the 
upper estuaries were represented by the average %C of all the bays and channel estuary 
sections. 
The areal carbon burial rate was estimated by multiplying the vertical sedimentation rate (m y-
1) by the dry bulk density (g m-3) and the % carbon to give the mass accumulation rate (g C m-
2 y-1). The mass accumulation rate (OC and IC) was then multiplied by the estuarine surface 
area covering the representative bottom sediment type and summed over the estuary to give the 
mass of carbon buried over the whole estuary over a year.  
 
Carbon burial in vegetated habitats 
Carbon burial rates for vegetated habitats were calculated using the mean published rates for 
Australian estuaries (550±282, 520±170 and 440±67 g C m-2 y-1 for mangroves, saltmarsh and 
seagrass respectively (Lawrence et al., 2012) multiplied by their areal extent in the study area 
(Table 4).  
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Fish harvest 
Commercial fishing has been banned in Sydney Harbour since 2006 with 60% of the area still 
off-limits to recreational anglers. There are however nearly 500,000 recreational fishers in 
Sydney (Australian Bureau of Statistics, 2011). Carbon removed by recreational fishing was 
estimated by multiplying the wet weight (160 tonnes) total years catch over 2007/08 (Ghosn et 
al., 2010) using an assumed carbon content of 10% wet weight of fish catch (Gulland, 1969). 
 
Oysters 
In 1995 and 2005 the Sydney Harbour was surveyed to record the presence and abundance of 
oysters over the full extent of the estuary (Birch et al. 2013). The study found that over the 10-
year period there was a significant and widespread increase in the abundance of the Sydney 
rock oyster (Saccostrea glomerata) that comprises 95% of the oyster population. The new 
oyster production was predominately in the upper estuary where a 300% increase in water-line 
length coverage occurred (Birch et al., 2013). Using the figures in this report the total area of 
shoreline in 2005 that had abundant oyster coverage (~400 oysters m-2) was 1.76 x 105 m2 with 
the total sparse oyster coverage (~900 oysters per m-2) at 1.80 x 105 m2. The average dry weight 
of oyster tissue per oyster was found to be 0.84 g and assuming that 50% dry weight of oyster 
tissue is carbon (Nichols, 1975) this equates to an uptake by oyster tissue of 0.026 x 108 mol C 
y-1. Dividing by the estuary open water area gives an estimated TOC uptake by oyster tissue of 
0.004 mol C m-2y-1 for the whole estuary. This term was added to the fisheries term in the 
budget.  
As oysters are not harvested from the estuary the calculation of the uptake of DIC from oyster 
shell is done using the increase in the number of oysters over one year. This was calculated to 
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be 0.23 x 108 oysters with the weight of 1 oyster estimated to be ~69.8 g (minus the tissue). 
Carbon makes up 12% of the oyster shell (molecular weight of calcium carbonate 100 g with 
carbon making up 12 g; Mitra and Zaman, 2001) with a similar quantity of carbon recycled 
back into the water column e.g. 2HCO3 + Ca ↔ CaCO3 + CO2 + H2O. Due to the buffering 
capacity of seawater however, the ratio between CO2 released and CaCO3 precipitated is about 
0.6 (Frankingnoulle et al., 1995). 
 
Ocean exchange 
Ocean exchange of DIC is driven by the sum of inputs (riverine and atmospheric as well as 
respiration) minus loss terms (emissions, sequestration/burial and photosynthesis). To calculate 
DIC export/import to/from the ocean we used the carbon balance equation 3.3:  
DICE/I = (DICRIV + DICATM + DICNEM) – (DICCaCO3 + DICCO2 + DICNVB)  eq.3.3 
Where: DICE is the ocean export of DIC; RIV, ATM and NEM (heterotrophic) are gains of 
inorganic carbon through riverine, atmospheric and metabolic sources; CaCO3, CO2 and NVB 
are losses of inorganic carbon to oyster sequestration, air-sea emissions and non-vegetated 
burial. 
Ocean exchange of TOC (DOC and POC) is driven by the sum of inputs (riverine, point source 
and atmospheric and primary production) minus loss terms (sequestration/burial and 
respiration). To calculate TOC export/import to/from the ocean we used equation 3.4:  
TOCE/I = (TOCRIV + TOCATM + TOCPS ) – (TOCNVB+ TOCVB+ TOCFH + TOCNEM)      eq.3.4 
Where RIV, PS, ATM, and PS are gains of organic carbon through riverine, point source and 
atmospheric sources respectively; NVB, VB, FH and NEM are losses of organic carbon to non-
vegetated and vegetated burial, fisheries harvest and NEM (heterotrophic) respectively. 
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To check the accuracy of the carbon balance (convergence of multiple estimates) and to verify 
the ocean exchange the term DICE/I (mmol C m-2 d-1) was calculated separately using the 
formula of Gazeau et al. (2005) equation 3.5:  
DICE/I = [ρDICAZEQ]/A         eq.3.5 
where ρ is water density (kg m-3), Q is the average freshwater discharge during the season, 
calculated using the Provost (2015) hydrological model (m3 d-1), A is the surface area of the 
estuary (m2) and DICAZE is the apparent zero endmember of DIC (mmol kg-1). DICAZE is 
calculated at the zero-salinity intercept of a line tangent to the observed curve of salinity against 
DIC in the estuary (Kaul and Froelich, 1984; Gazeau et al., 2005).  
An additional estimate of carbon flux from the estuary was based on the water volume transport 
method that takes into account the diffusive flux of DIC and TOC moving in and out as the 
estuary is flushed by the tides (Wolanski and Elliott, 2015) equation 3.6.  
Qdiff = E A dC/dx          eq. 3.6 
where Qdiff is the diffusive flux, E is the tidally-averaged eddy diffusion coefficient, A is the 
cross-sectional area, x is the along-estuary (longitudinal) axis and C is the concentration of the 
element (DIC, TOC). For temperate estuaries assuming a steady-state (a reasonable assumption 
since the residence time of the water in the estuary is >>1 tidal period) E can be estimated from 
eq. 3.6 by substituting Salinity (S) for C and obtaining the value of E by fitting the predicted 
and observed salinity distribution. E was calculated for salinity at the junction of the upper-
mid estuary and at the junction of the mid-lower estuary respectively. The local value of E was 
then calculated from the salt balance equation e.g. dS/dx=(Smid-Sup)/dx for the upper-mid 
estuary junction and then at the mid-lower estuary junction using (Smid-Slower) at steady state: 
EAdS/dx (inflow of salt by diffusion) = Q*S (advective outflow of salt). The middle estuary 
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has a diffusive outflow of salt to the upper estuary and a diffusive inflow of salt from the lower 
estuary. The E values calculated were then used in eq. 3.6 to calculate the other constituents.  
It is noted here that for this carbon budget the particulate inorganic carbon has not been 
included due to the lack of limestone and carbonates in the soils of the surrounding basin.  
 
Results 
Atmospheric Emissions 
The Sydney Harbour Estuary annual area weighted air-sea CO2 emission rate was found to be 
0.4 - 1.8 mol C m-2 y-1 resulting in emissions of 0.78 x 108 mol C y-1 (Tanner et al., 2017). 
 
Terrestrial and atmospheric carbon loads 
The annual areal terrestrial inputs of carbon flowing into the Sydney Harbour Estuary during 
the 2013 study period (Figure 13) shows that DIC was the dominant form of carbon. DIC 
comprised 75% of the carbon loading amounting to 4.70 x 108 mol C y-1 (9.01 mol C m-2 y-1).  
The Total Organic Carbon (TOC) load of 1.58 x 108 mol C y-1 (3.04 mol C m-2 y-1) including 
1.44 x 108 mol C y-1 DOC and 0.15 x 108 mol C y-1 POC made up the other 25% of the load. 
The input of carbon from rainfall falling over the estuary was relatively small with the 
contribution from DIC and TOC around 0.016 x108 and 0.14 x 108 mol C y-1 respectively. 
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Figure 13. Annual terrestrial loads of dissolved inorganic carbon (DIC), dissolved organic 
carbon (DOC) and particulate organic carbon (POC) to the Sydney Harbour Estuary for the 
Parramatta River, Lane Cove River, Middle Harbour Creek, Port Jackson and the whole 
estuary.  
 
Whole Ecosystem Metabolism 
In the high retention upper estuaries and bays CR was greater than GPP in all months and NEM 
was negative (-ve) indicative of a heterotrophic ecosystem (Figure 14a). The highest monthly 
values of GPP and CR occurred during the summer months with a maximum in February when 
there was an episodic high rainfall event. Annually the high retention upper estuaries and bays 
of the Sydney Harbour Estuary had an average whole ecosystem CR of 8.55 x 108 mol C y-1, 
GPP of 6.91 x 108 mol C y-1 and NEM of -1.64 x 108 mol C y-1 (100.18, 80.92 and -19.26 mol 
C m-2 y-1 respectively).  
In the low retention mid and lower estuary channels GPP was greater than CR in all months 
except for January (Figure 14b). NEM was positive (+ve) for most of the year indicative of an 
autotrophic ecosystem. The highest monthly values of GPP and CR occurred during February 
during an episodic high rainfall event leading to elevated nutrient loading (Varkey et al, 2018). 
Annually (discounting the February data) the low retention mid and lower estuary channels of 
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the Sydney Harbour Estuary had an average CR of 23.26 x108 mol C y-1, GPP of 23.64 x 108 
mol C y-1 and NEM of 0.38 x108 mol C y-1 (53.52, 54.39 and 0.87 mol C m-2 y-1, respectively). 
 
Figure 14. (a) Whole ecosystem metabolism including community respiration (CR), gross 
primary production (GPP) and net ecosystem metabolism (NEM) for high retention upper 
estuaries and bays measured at Ermington Bay and (b) for the low retention mid and lower 
estuary channels measured at Chowder Bay, scaled to region.   
 
The area weighted whole estuary CR of 31.88 x108 mol C y-1 was slightly greater than GPP of 
30.62 x 108 mol C y-1 resulting in a net transformation of TOC into DIC at a rate of -1.27 x108 
mol C y-1 (61.18, 58.74 and -2.43mol C m-2 y-1, respectively). 
The ratio of monthly production to respiration in the Sydney Harbour Estuary ecosystem for 
high retention upper estuary and bay sections and low retention lower estuary and channel 
(a) 
(b) 
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sections and annual production for the whole estuary are presented in Supplementary 
Material Figure 22. 
 
Benthic and Pelagic Metabolism 
The high retention upper estuaries and bays had a benthic NEM that was heterotrophic (-ve) in 
February and March and autotrophic (+ve) in April and May (Figure 15a). Annually the high 
retention upper estuaries and bays of the Sydney Harbour Estuary had an average benthic CR 
of 1.30 x 108 mol C y-1, GPP of 1.37 x 108 mol C y-1 and NEM of 0.07 x 108 mol C y-1 (15.25, 
16.07 and 0.82 mol C m-2 y-1, respectively) indicating a slightly autotrophic system.  
The low retention mid and lower estuary channels were heterotrophic (-ve) for all months 
except for May when they were autotrophic (+ve) (Figure 15b). Annually the low retention 
mid and lower sections of the Sydney Harbour Estuary had an average benthic CR of 4.60 x 
108 mol C y-1, GPP of 3.41 x 108 mol C y-1 and NEM of -1.19 x 108 mol C y-1 (10.58, 7.83 and 
-2.74 mol C m-2 y-1, respectively).  
For the whole estuary the area weighted average benthic CR of 5.91 x 108 mol C y-1 (11.35 mol 
C m-2 y-1) was greater than benthic GPP of 4.79 x 108 mol C y-1 (9.19 mol C m-2 y-1) resulting 
in a benthic NEM transforming TOC into DIC at a rate of -1.12 x 108 mol C y-1 (-2.16 mol C 
m-2 y-1) indicating net heterotrophy. The pelagic CR was 25.97 x 108 mol C y-1, GPP was 25.83 
x 108 mol C y-1 and NEM –0.14 x 108 mol C y-1 for the whole estuary showing slight net 
heterotrophy. 
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Figure 15. (a) Benthic metabolism including community respiration (CR), gross primary 
production (GPP) and net ecosystem metabolism (NEM) for high retention upper estuaries and 
bays, and (b) for the low retention mid and lower estuary channels, scaled to region. (Data 
source: Sutherland et al., 2017) 
 
Fisheries harvest and oysters  
The recreational fisheries harvest equates to an export of carbon of 0.013 x 108 mol C y-1. 
Dividing by the estuarine open water area gives an export rate of TOC from fisheries of 0.03 
mol C m-2 y-1. The role of oyster’s in the carbon cycle equates to an uptake of TOC of 0.03 x 
108 mol C y-1 (0.004 mol C m-2y-1) and DIC of 0.16 x 108 mol C y-1 (0.32 mol C m-2y-1). Due 
to the small contribution amounting to around 1% of the budget from the combined TOC export 
from fisheries and oyster filtering in all future references the fisheries harvest term will include 
(a) 
(b) 
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the oyster uptake of TOC giving a joint TOC export of 0.04 x 108 mol C y-1 (0.07 mol C m-2 y-
1).  
Sediment Carbon Burial in non-vegetated habitats 
The maximum organic carbon burial rate (36.0 mol C m-2 y-1) occurred in the high retention 
bays with the minimum rate (0.7 mol C m-2 y-1) in the low retention marine dominated sections 
of the lower estuary. The average organic carbon sediment burial rate was 4.96 mol C m-2y-1 
resulting in an estimated OC burial of 2.63 x 108 mol C y-1 over the whole estuary (Figure 16). 
The maximum inorganic carbon sediment burial rate (9.55 mol C m-2 y-1) occurred in the low 
retention marine dominated lower estuary with a minimum rate (1.44 mol C m-2 y-1) in the high 
retention riverine dominated sections of the upper estuary. There was negligible IC burial in 
the lower estuary as this area is dominated by a sandy bottom and is a non-depositional 
environment. The average inorganic sediment burial rate was 1.58 mol C m-2y-1 resulting in an 
estimated IC burial of 0.84 x 108 mol C y-1 over the whole estuary.  
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Figure 16. Sydney Harbour Estuary organic carbon sediment burial rate (mol C m-2 y-1).  
 
Carbon Budget for the Sydney Harbour Estuary 
The annual Sydney Harbour Estuary carbon budget (Figure 17; Table 5) shows that the estuary 
was slightly net heterotrophic, which is consistent with the small net CO2 emissions of 0.78 x 
108 mol C y-1 (1.50 mol C m-2 y-1) from the water surface to the atmosphere.  
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Figure 17. Carbon budget for the Sydney Harbour Estuary. All values are in mol C y-1 x 108, 
arrow thickness is scaled to represent the size of the fluxes. 
Table 5. Carbon Budget for the Sydney Harbour Estuary (t y-1). 
Budget Component  Organic 
Carbon 
Inorganic 
Carbon 
Inputs   
Atmospheric 169 19 
Point Source 664  
Riverine  1728 5642 
Benthic GPP 5750  
Benthic CR  7102 
Pelagic GPP 31021  
Pelagic CR  31193 
Ocean Import 2282  
Outputs   
Fisheries Export 26  
Oyster Sequestration   200 
Air-Water Emissions  939 
Vegetated Burial 363  
Non-Vegetative Burial 3105 1008 
Benthic GPP  5750 
Benthic CR 7102  
Pelagic GPP  31021 
Pelagic CR 31193  
Ocean Export  5037 
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The TOC input from the riverine component was 1.59 x 108 mol C y-1 (3.04 mol C m-2 y-1) with 
DOC accounting for 70% and POC 30% of the organic carbon load to the estuary. Additional 
organic carbon sources of 0.69 x 108 mol C y-1 (1.23 mol C m-2 y-1) comprised mainly of diffuse 
wastewater along with a relatively small contribution from atmospheric deposition. Both 
benthic and pelagic CR were slightly greater than GPP resulting in a net heterotrophic NEM of 
-1.27 x 108 mol C y-1 (-2.43 mol C m-2 y-1). Organic carbon sinks in the estuary included non-
vegetated 2.59 x 108 mol C y-1 (4.96 mol C m-2 y-1) and vegetated burial 0.30 x 108 mol C y-1 
(0.58 mol C m-2 y-1) with a relatively small contribution from fisheries harvest 0.02 x 108 mol 
C y-1 (0.04 mol C m-2 y-1). As the total organic carbon sinks and deficit from transformation of 
TOC to DIC were greater than the total TOC inputs a net import of 1.92 x 108 mol C y-1 (3.65 
mol C m-2 y-1) from the ocean was required to balance the organic carbon budget in the estuary.  
DIC input from the tributaries was 4.72 x 108 mol C y-1 (9.01 mol C m-2 y-1) with a small 
additional input from the atmosphere 0.02 x 108 mol C y-1 (0.03 mol C m-2 y-1). NEM resulted 
in a DIC excess of 1.27 x 108 mol C y-1 (2.43 mol C m-2 y-1). Inorganic carbon sinks in the 
estuary included non-vegetated burial 0.84 x 108 mol C y-1 (1.61 mol C m-2 y-1) and a relatively 
small contribution from oyster sequestration 0.17 x 108 mol C y-1 (0.32 mol C m-2 y-1). 
Additionally, air-water exchanges emitted 0.78 x 108 mol C y-1 (1.50 mol C m-2 y-1) to the 
atmosphere. As the summation of all inorganic carbon sinks and excess from transformations 
fuelled by net heterotrophic ecosystem metabolism (NEM) were less than the total DIC inputs 
a net export of 4.19 x 108 mol C y-1 (8.05 mol C m-2 y-1) to the ocean was required to balance 
the inorganic carbon budget in the estuary.  
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Discussion 
Budget uncertainty and sensitivity analysis 
The independent methods used for the DIC closure (export) estimates in this study calculated 
using the carbon balance method (eq. 3.3) compared to the DICaze method (eq. 3.5) and 
volume transport method (e.q. 3.6). were generally in good agreement. The DICaze estimate 
was slightly lower 3.61 x 108 mol C y-1 (7.05 mol C m-2y-1) and the volume transport method 
slightly higher 5.12 x 108 mol C y-1 (9.98 mol C m-2 y-1) than the intermediate carbon balance 
method 4.19 x 108 mol C y-1 (8.05 mol C m-2 y-1). The TOC import term 1.92 x 108 mol C y-1 
(3.65 mol C m-2 y-1) calculated using the carbon balance method (eq. 3.4) also compared 
favourably but was slightly higher than the TOC value of 1.30 x 108 mol C y-1 (2.53 mol C m-
2 y-1) calculated using the volume transport method (eq. 3.6). Average TOC loads from 
stormwater (4.49 x 108 mol C y-1) estimated by the Sydney Harbour catchment model 
(Catchment Research, 2014) over 2010-2013 were 49% higher than the loads measured by this 
study. However, even using the modelled values as the upper bound for the TOC loading would 
still require the import of TOC from the coastal ocean to balance the carbon budget. The higher 
TOC term calculated using the carbon balance method was used for this study. 
Based on the sensitivity analysis (Table 6) the amount of inorganic carbon exported across the 
estuary/ocean boundary was most sensitive to the riverine DIC input, IC carbon burial and 
oyster sequestration. However, adjusting the budget up and down by the error in these terms 
didn’t change the overall conclusion of an export of IC from the estuary to the coastal ocean. 
The DIC input term would need to be reduce by 90% to transition the net export of DIC to 
import from the system. During high flows freshwater concentrations of DIC are reduced by 
80% and together with the combined increase of DOC and high ratio (>1) of productivity to 
respiration, the export of DIC from the estuary is decreased under high rainfall scenarios.  
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Table 6. Sensitivity analysis for the Sydney Harbour Estuary carbon budget. 
Carbon budget term adjusted Net coastal waster exchange (t y-1) 
Inorganic carbon budget terms Error adjusted down Error adjusted up 
GPP / CR 4885 5189 
Atmospheric DIC Input 5027 5046 
Air water CO2 Emissions 4566 5508 
Non-vegetated IC burial 4403 5670 
Oyster IC sequestration 4286 5788 
Riverine DIC Input 3909 6165 
Organic carbon budget terms Error adjusted down Error adjusted up 
GPP / CR 2434 2130 
Atmospheric TOC Input 2261 2303 
Riverine POC Input 2244 2320 
Fisheries OC Harvest 2219 2344 
Wastewater TOC Input 1996 2568 
Riverine DOC Input 1989 2575 
Vegetated OC Sediment Burial 1690 2873 
Non-vegetated OC Sediment Burial 1581 2982 
The net ocean import of organic carbon was 2282.3 t C y-1 with the sensitivity analysis showing 
the amount of organic carbon flowing across the estuary/ocean boundary was most sensitive to 
OC carbon burial in vegetated and non-vegetated habitats and riverine DOC input. However, 
adjusting the budget up and down by these errors the overall conclusion of an import of OC to 
the estuary from the coastal ocean remains the same. The DOC loads would need to increase 
by 140% to transition the net import to export of DOC from the system.  
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Comparison with other systems 
Carbon Budget studies for a number of estuaries are presented in Table 7. DIC was the 
dominant form of carbon entering into the Sydney Harbour Estuary contributing 70% of the 
riverine load. The bulk of the DIC load that entered from the tributaries was recycled within 
the pelagic zone and discharged to the coastal zone. This inorganic:organic carbon loading ratio 
is similar to temperate and southern European estuaries that have loadings of 67 – 79% DIC 
and 33-21% TOC with the high proportion of DIC reflecting additional inputs most likely due 
to drainage basin weathering processes and heterotrophic activity in the highly polluted 
European rivers from anthropogenic disturbance (Ciais et al., 2008; Joesoef et al., 2017). In 
contrast, carbon loads to the Hudson River in the US were dominated by loads of TOC from 
the catchment reflecting agricultural and wastewater inputs (Howarth et al., 2000). The New 
River Estuary also had higher loads of TOC (59%) compared to DIC (41%) during a wet (net 
heterotrophic) year and similar inorganic:organic carbon loads during a dry (net autotrophic) 
year with organic matter input from surrounding marshes accounting for a larger portion of the 
total riverine carbon load as river discharge increased (Crosswell et al., 2017). The discharge 
versus concentration curves (Figure Supplementary Material 22) show that fluctuations in 
rainfall are highly correlated to variations in organic and inorganic carbon loads entering the 
estuary from the tributaries. Higher concentrations of TOC together with lower concentrations 
of DIC were associated with high flows. Under low flow TOC concentrations were lower and 
DIC concentrations higher. Unlike many estuaries where heterotrophy is driven by high DOC 
loads (Bianchi, 2007), heterotrophy in the Sydney Harbour Estuary was driven by high riverine 
nutrient input from the urbanized catchment sustaining an excess of autochthonous DIC 
production via benthic and pelagic metabolism. 
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The whole estuary P:R was heterotrophic in summer and autumn (0.94 and 0.97 respectively), 
autotrophic in winter and spring (1.04 and 1.02 respectively), and heterotrophic annually 
(0.97). Annually the Sydney Harbour Estuary NEM was -2.43 mol C m-2y-1. This contrasts 
with annual NEM in Chesapeake Bay and Moreton Bay (Kemp et al., 1997; Eyre and McKee, 
2002). However, net autotrophy in Chesapeake Bay was controlled by the large input of 
inorganic nutrients supplied by agricultural runoff and wastewater discharges (Kemp et al., 
1997) whereas in Moreton Bay it was controlled by large nitrogen inputs via N-fixation (Eyre 
and McKee, 2002). This is similar to the high rainfall scenario in the Sydney Harbour Estuary 
when excess nutrients stimulate biological pumping that controls the transition of the estuary 
to net autotrophy in winter and spring. 
The CO2 emissions from the Sydney Harbour Estuary are consistent with the annual 
heterotrophic P:R. The CO2 emission rate to the atmosphere (1.5 mol C m-2y-1) is similar (and 
within error estimates) to NEM (-2.43 mol C m-2y-1). Emissions in Sydney Harbour were 
similar in magnitude to other large natural drowned river valleys including Ria de Vigo in 
Spain (3.5 mol C m-2 y-1; Liss and Mervilat, 1986) and the Hudson (5.9 mol C m-2y-1; Raymond 
et al., 1997) and other river valley systems in the USA (Tanner et al., 2017). In the New River 
Estuary however there was a slight uptake of CO2 during a dry year (-0.17 mol C m-2y-1) and a 
larger release during a wet year (1.99 mol C m-2y-1) whereas the Sydney Harbour Estuary 
became net autotrophic under high rainfall conditions (Tanner et al., 2017). The river valley 
systems were found to be low emitters behaving differently to the highly polluted European 
alluvial delta systems that are major sources of CO2 to the atmosphere (Frankingnoulle et al., 
1998) and the large Asian delta river systems such as the Yellow River in China that have 
inputs two orders of magnitude higher than the river valley systems (Gao et al., 2017). On an 
annual basis the air-sea emissions of CO2 from the Sydney Harbour Estuary were relatively 
small for an estuary of its size (Tanner et al., 2017). 
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Estuaries with production rates of  >41.6 mol C m-2 y-1 are generally considered to be eutrophic 
(Nixon, 1995) such as the Sydney Harbour Estuary with an average annual production rate of 
59 mol C m-2 y-1. This is higher than some Australian estuaries such as Moreton Bay estuary 
with a production rate of 24 mol C m-2 y-1 (Eyre and McKee, 2002) and the Hudson River in 
the US at 31 mol C m-2 y-1 (Nixon et al., 1995) but similar to Chesapeake Bay at 47 mol C m-2 
y-1 (Harding et al., 2002) and Ria de Vigo at 43 mol C m-2 y-1 (Cermeño et al., 2006). The mean 
productivity for 131 coastal ecosystems worldwide was 21 mol C m-2 y-1, with a range from -
8.7 to 157 mol C m-2 y-1 (Cloern et. al. 2014). The annual production rate of the Sydney Harbour 
Estuary was closer to the high range due to the degraded regions of the upper Sydney Harbour 
Estuary where high respiration rates drove the net heterotrophy of the ecosystem.  
Fisheries harvest, including new oyster production, in the Sydney Harbour was only 1.7% of 
NEM (Table 7) which is similar to other Australian estuaries with fisheries harvest ranging 
from 1.0% to 2.5% of NEM (Eyre and McKee, 2002; Eyre et al., 2011; Maher and Eyre, 2012). 
Similarly, in Narragansett Bay fisheries harvest represented less than 1% of NEM (Nixon et 
al., 1995). In contrast, in the large drowned river valley estuaries of Chesapeake Bay and Ria 
de Vigo fisheries harvest was 17% and 3% of NEM, respectively (Kemp et al., 1997; Alonso-
Pérez et al., 2015). Taking into account an energy transfer efficiency between trophic levels of 
10%, it is estimated that mussel culture and reported fish catches required up to 38% of NEM 
in the highly productive Ria de Vigo estuary. The difference may be due to higher fishing 
pressure in Chesapeake Bay and Ria de Vigo with fisheries harvest between 4 to 40 times that 
of the other estuaries. 
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The non-vegetated organic carbon burial rates in the upper Sydney Harbour estuaries were over 
85% higher compared to the small to negligible burial rates in the depositional environment of 
the sandy lower estuary. This is most likely due to the higher percentage of organic material 
delivered to, and the longer residence times of, the upper estuaries. This is consistent with silt 
and clay in the upper sections of the estuary near to storm water outlets that accumulated at a 
higher rate than sand and gravel in the lower estuary with phytoplankton contributing only a 
minor component of the material settling to the bottom of the harbour throughout the year 
(Taylor, 2008). The contribution of vegetated organic carbon burial (0.30 x108 mol C y-1) to 
the organic carbon sink in the Sydney Harbour Estuary was only around 7% of the organic 
carbon loss term. However, the vegetated areas only covered around 5% of the estuary area 
illustrating the high burial rates. Vegetated ecosystems have some of the highest organic carbon 
burial rates, up to three orders of magnitude higher, than unvegetated sediments (Nellemann et 
al., 2009; McLeod et al., 2011). Non-vegetated sediment burial (2.59 x108 mol C y-1) comprised 
62% of the organic carbon loss term representing the largest organic carbon sink within the 
estuary.  
Inorganic carbon loss in Sydney Harbour Estuary was dominated by ocean export with nearly 
90% of the riverine loading being exported to the ocean boundary. Non-vegetated inorganic 
carbon burial was the next largest loss (14%) of inorganic carbon and was similar to the 
quantity of air-sea emissions from the estuary. The DIC uptake from new oyster shell 
production was low (~200 tonnes y-1) for the Sydney Harbour Estuary and only represented a 
small proportion (3%) of the DIC sink term. However, with the remarkable recovery of the 
Sydney Rock Oyster, increasing by 30% in recent years (Birch et al., 2013), oyster shells could 
have the capacity to store significantly larger amounts of inorganic carbon in the estuary in the 
future. 
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For the estuaries for which carbon budget terms were available there was a poor relationship 
between carbon inputs from the catchment and exports to the coastal zone (R2=0.25; Table 7). 
However, a good relationship was found between OC input plus NEM and OC export to the 
coastal ocean (R2 = 0.48; Figure 18) as well as a strong relation between IC input plus NEM 
and IC export to the coastal ocean (R2=0.94; Figure 19). The Scheldt estuary in Europe and 
the Yellow River in Asia were not included as the carbon inputs and outputs were up to an 
order of magnitude higher than the other estuaries. The estuaries that were compared to Sydney 
Harbour were similarly dominated by NEM as the main driver of carbon exports to the coastal 
ocean over catchment inputs. The other river valley estuaries including the Hudson River, 
Chesapeake Bay and Sydney Harbour had high organic carbon sediment burial rates indicating 
that burial was also an important factor influencing the organic carbon budgets in these 
systems. Other sinks of inorganic carbon in the Sydney Harbour Estuary were sediment burial, 
emissions of CO2 to the atmosphere and oyster sequestration. Apart from CO2 emissions there 
was little information available on inorganic carbon sinks in other estuaries for comparison, so 
it was difficult to determine the important factors influencing inorganic carbon budgets of river 
valley or estuaries generally.  
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Figure 18. Riverine organic carbon input plus net ecosystem metabolism vs organic carbon 
export for a number of estuaries. (Data Source: Table 7. Note: import is positive, export is 
negative. 
 
 
 
Figure 19. Riverine inorganic carbon input plus net ecosystem metabolism vs inorganic carbon 
export for a number of estuaries. (Data Source: Table 7). Note: import is positive, export is 
negative. 
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The Sydney Harbour Estuary and the New River estuary are compared in detail as they have a 
similar catchment to estuary ratios and a similar NEM (Tanner et al., 2017; Crosswell et al, 
2017) (Figure 20). The annual rainfall depths are similar between the Sydney Harbour and 
New River Estuary in the dryer study year. However, there is a higher terrestrial OC load into 
the New River Estuary system in the higher rainfall year that is more than double the Sydney 
Harbour load. In contrast the IC inputs to the Sydney Harbour Estuary are higher than the New 
River system with IC loads of a similar magnitude flowing into the New River Estuary during 
both wet and dry years. Over the dryer year there was a net export of OC from the New River 
Estuary to the ocean fuelled by surplus OC supplied by NEM as is expected from an autotrophic 
system. During the wetter than average year more OC was brought into the system and the 
transformation was net heterotrophic. Both the Sydney Harbour Estuary and the New River 
Estuary exported a surplus of DIC to the coastal ocean like many other estuaries worldwide 
(Ludwig et al. 1998; Cai, 2003; Feely et al., 2004; Mackenzie et al., 2004; Lerman et al. 
2007; Raymond et al., 2008; Samanta et al., 2015).  
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Figure 20. Summary carbon budgets for the Sydney Harbour Estuary and New River Estuary. 
P is production and R is respiration if P:R > 1 the system is autotrophic; if P:R <1 the system 
is autotrophic. The blue arrow points in the direction of net transformation of the carbon 
constituent, n is the number of terms measured in the budget. All terms presented in the budget 
(Figure 17) were summed up separately for inorganic and organic inputs, transforms by NEM, 
losses to the atmosphere, sediments and fisheries to derive the export/imports terms that 
balance the model.  
 
There is evidence that urbanisation has led to increased nutrient loads to coastal ecosystems 
favouring autotrophic conditions that suggests the global trend of eutrophication in estuaries 
will lead to increasing values of NEM (Maybeck et al., 1982; Howarth et al., 1996; Kemp et 
al., 1997; Bauer et al., 2013). Other studies however have suggested increased nutrient supplies 
promote ecosystem heterotrophy (Caffrey, 2003; Gazeau et al., 2005). This study showed that 
the Sydney Harbour Estuary was generally net heterotrophic however under conditions of high 
rainfall, when exposed to increased nutrient enrichment, shifted to net ecosystem autotrophy  
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(Oviatt et al., 1986; Kubo et al., 2017) and that the New River Estuary showed a close balance 
between production and respiration switching between trophic states depending on annual 
rainfall conditions (Valiela 1995; Tanner et al., 2017). Additional measurements of both 
inorganic and organic carbon forms are needed from large urban estuary systems globally to 
determine the effects of urbanisation on estuarine carbon budgets, to constrain biogeochemical 
models and to improve estimates of the complex and dynamic contributions of estuarine 
emissions to global greenhouse gas budgets. 
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Chapter 3 - Supplementary Material  
 
Supplementary Material Figure 21.  
 
Supplementary Material Figure 21. Discharge versus concentration relationships for 
dissolved inorganic carbon (DIC), dissolved organic carbon (DOC) and particulate organic 
carbon (POC) for the Parramatta, Lane Cove and Middle Harbour tributaries of the Sydney 
Harbour Estuary. 
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Supplementary Material Figure 22.  
 
 
Supplementary Material Figure 22. Ratio of monthly production to respiration in the Sydney 
Harbour Estuary ecosystem for high retention upper estuary and bay sections, low retention 
lower estuary and channel sections and annual production for the whole estuary. [Note: if the 
total of the system is over the bar (>1) then it is autotrophic and if it is under the bar (<1) then 
it is heterotrophic]. 
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Supplementary Material Tables 
  
Supplementary Material Table 8. Error terms for components of the Sydney Harbour Estuary 
carbon budget.  
Budget Term Variable 1 Variable 2 Error 1 Error 2 
DIC, DOC, POC 
atmospheric inputs 
Carbon 
Concentration 
Rainfall Volume SE of Replicate 
(0.004-0.01) 
20% 
Riverine Input DIC Carbon 
Concentration 
Freshwater 
Inflow Volume 
SE of Replicate 
(0.01) 
30% 
Riverine input DOC Carbon 
Concentration 
Freshwater 
Inflow Volume 
SE of Replicate 
(0.004) 
30% 
Riverine input POC Carbon 
Concentration 
Freshwater 
Inflow Volume 
SE of Replicate 
(0.005) 
30% 
Wastewater TOC Ratio BOD:TOC Wastewater 
Inflow Volume 
50% Error 30% 
Whole estuary metabolism NEM Ecosystem 
volume 
SE of annual 
Concentration 
(0.05) 
10% 
Benthic metabolism NEM Ecosystem area SE of annual 
concentration 
(0.004) 
10% 
Air-Water CO2 flux pCO2 Gas transfer 
velocity 
SE of Replicate 
(0.02) 
50% 
Sediment burial Core mass 
accumulation rate 
x OC % or IC% 
Non-vegetated 
depositional 
Area 
 
100% Error 
 
 
10% 
Blue carbon sequestration Carbon 
Concentration 
Vegetated 
Habitat Area 
SE from literature 10% 
Oyster DIC sequestration Weight of new 
growth x IC% 
Habitat area 100% Error 10% 
Fisheries export Weight of catch Carbon 
Concentration 
100% error 10% 
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Chapter 4 - Using stable isotopes to assess carbon dynamics in a 
large drowned river valley estuary adjacent to an emerging 
megacity (Sydney Harbour) 
ABSTRACT 
Dissolved inorganic carbon (DIC), dissolved organic carbon (DOC), particulate organic carbon 
(POC) and particulate organic nitrogen (PON) and their stable isotope ratios (δ13CDIC, δ13CDOC, 
δ13CPOC and δ15NPON) together with ancillary environmental  measurements of the upper water 
column were used to assess carbon dynamics in dry, medium and high rainfall conditions in 
the Sydney Harbour Estuary (Australia). There have been no other reports of carbon 
concentration and isotope data from the Sydney Harbour Estuary and relatively few other 
studies that include simultaneous measurements of both organic and inorganic carbon in global 
estuaries with this data set offering a novel aspect to explore anthropogenic pressures on the 
carbon dynamics of a large urban drowned river valley estuary. Results of this study determined 
that the source of particulate organic matter delivered to the estuary was altered by rainfall 
conditions with the dominant source being: marine derived phytoplankton in dry conditions; 
terrestrial plant matter and sediments in mean rainfall conditions and freshwater phytoplankton 
originating from a 13C‐depleted dissolved inorganic carbon source in high rainfall conditions. 
In dry well mixed conditions, the estuary was net heterotrophic with extensive recycling of 
allochthonous and autochthonous material. In high rainfall conditions a buoyant plume 
developed delivering freshwater phytoplankton and nutrients to the mid and lower estuary, 
where they were metabolised, transitioning the estuary into an autotrophic state. In mean 
rainfall conditions terrestrial plant matter and sediments were delivered to the mid estuary 
where they were entrained or flocculated out of the upper water column, creating a sink. 
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Although in mean rainfall condition there was evidence of autotrophic phytoplankton 
production based on δ13C-enriched POC, the state of the estuary remained heterotrophic. The 
results of this study demonstrated that, together with other measures, δ13C-enriched POC and 
δ13C-depleted DIC could be useful indicators of human pressures on urban drowned river 
valley estuaries.  
 
Introduction 
Estuaries are complex systems that connect terrestrial and marine carbon cycles influencing 
the quantity and character of carbon delivered to the coastal ocean. The production, 
transformation and sequestering of carbon in dissolved and particulate inorganic and organic 
forms are important processes for the dynamics of carbon in estuaries. These processes 
influence global organic and inorganic carbon budgets (Hedges et al., 1997; Ye et al., 2017) 
making it important to understand the dynamics of carbon in estuaries (Bianchi, 2013; Ye et 
al., 2017). Carbon cycles in estuaries are dynamic and involve complex biogeochemical 
processes that connect freshwater, marine water, the atmosphere, sediments and the biota that 
live there as well as anthropogenic inputs. The difficulty in identifying the major sources of 
carbon to freshwater ecosystems, which is critical to linking the terrestrial and aquatic carbon 
cycles, has been highlighted in emerging research (Butman et al., 2015; Maher, 2011). The 
most important forms of carbon in an estuarine environment include dissolved inorganic carbon 
(DIC), dissolved organic carbon (DOC) and particulate organic carbon (POC). The most 
important sources and sinks for DIC are the solution of atmospheric CO2, inorganic carbon 
bound in sediments, groundwater, chemical and biological processes, mainly mineralization 
and respiration with outputs by photosynthesis and chemosynthesis (Göltenboth and 
Lehmusluoto, 2006). The main sources and sinks for DOC are allochthonous inputs, 
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degradation (secretion, excretion and self-digestion) of detritus and phytoplankton with the 
most important output being the uptake by bacteria. The main sources and sinks for POC are 
allochthonous inputs of terrestrial plant matter, sediments, phytoplankton and primary 
production with outputs through transformation by respiration into DIC and to DOC by 
degradation (Göltenboth and Lehmusluoto, 2006). The main sources of nitrogen to the estuary, 
that provide additional nutrients for phytoplankton to grow, are urban runoff, decomposing 
organic matter and wastewater. The carbon pool in the water column originates from the mixing 
of these diverse sources.  
Mixing between the river and ocean is generally conservative however changes within the 
estuary due to atmospheric exchange, photosynthesis, respiration and carbonate precipitation 
and dissolution are non-conservative processes (Gray et al., 2011; Van Geldern et al., 2015; 
Hellings et al., 2001; Kaldy et al., 2005; Barth et al., 2003). Transformations between the 
different chemical forms (DIC, DOC and POC) occur as a result of non-conservative processes 
that also leads to the fractionation of the stable isotopes of carbon 12C and 13C and nitrogen 14N 
and 15N. Taken together, these processes have major implications for land-ocean carbon fluxes 
and the global carbon cycle (Griffith and Raymond, 2010). Carbon isotopes can be used to  
help assess biogeochemical cycling by tracing the sources, sinks and transformation of carbon 
in estuaries (Cotovicz et al., 2019). 
The isotopic composition of dissolved inorganic carbon (δ13CDIC) within the estuary is complex 
as it is the combined result of three different carbon components: gaseous CO2, bicarbonate 
and carbonate forms that are subject to atmospheric exchange and the metabolically dynamic 
carbonate system (Campeau et al., 2017). δ13CDIC values are also influenced by additional 
biogeochemical processes such as mixing, production and respiration, that together with the 
complex mixture of sources and sinks, results in values that vary in a wide range along an 
estuary (Spiker and Schemel, 1979; Fogel et al., 1992). DIC isotope ratios have been used to 
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assess the net difference between photosynthesis and respiration with positive deviations of 
δ13CDIC from conservative behaviour (13C enrichment) indicative of net autotrophy (Production 
> Respiration) while negative deviations (13C depletion) suggest heterotrophy (P<R) (Kaldy et 
al., 2005). Mineralization is the dominant process that results in 13CDIC depleted signatures in 
tributaries supplying DIC with a signature close to that of the source organic matter, typically 
ranging between –12‰ and –28‰ in the case of terrestrial plants or soil organic matter and 
between –18‰ and –5‰ for silicate weathering in soils for C3-and C4-dominated sites, 
respectively (Bouillon, et al., 2011). It follows that freshwater; marine and estuarine 
phytoplankton will differ in makeup because they use isotopically distinct pools of DIC. 
Organic matter (DOC and POC) within an estuary has variable composition, concentration, 
isotopic signature, and lability with the character largely determined by its sources and the 
processes of transformation within tributaries and estuaries (McCallister et al., 2008; Moran et 
al. 1999; Raymond et al. 2004). Biogeochemical processes alter organic matter (OM) as it 
travels through the estuary, including autotrophic additions (Cole and Caraco 2006; Peterson 
et al. 1994; Raymond and Bauer 2001), heterotrophic removals (Howarth et al. 1996; Van den 
Meersche et al. 2009) and flocculation (Sholkovitz, 1976). δ13C DOC and 13CPOC can indicate 
OM derived from marine, freshwater and terrestrial sources based on the concept that DOC 
produced by freshwater phytoplankton can be more depleted in 13C relative to DOC from 
marine derived phytoplankton or terrestrial plant detritus as they use highly 13C-depleted 
dissolved CO2 derived from respiration in tributaries (Hedges et al., 2000; Schiff et al., 1997; 
Raymond and Bauer, 2001). 
A high proportion of the detritus (POC) in large rivers and estuaries in temperate climates is 
mainly derived from sediment and phytoplankton (marine and terrestrial) sources (Kendall et 
al. 2001; Wissel and Fry 2005; Delong and Thorp, 2006). The use of organic carbon isotopes 
to distinguish between aquatic and land plant inputs to an estuary is based on the concept that 
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marine phytoplankton are generally more positive as they use HCO3- that has a δ13C value of 
0‰ as a carbon source for photosynthesis, whereas land plants are more negative as they use 
CO2 from the atmosphere that has a δ13C value of -7‰ (Degens et al., 1968; O’Leary, 1981, 
Bianchi, 2007). It follows that freshwater phytoplankton are isotopically more 13C-depleted 
than their marine counterpart due to higher dissolved CO2 concentrations in freshwater while 
there is a higher proportion of HCO3- in seawater (Khan et al, 2015). Generally, along the 
estuary a more 13C-depleted (negative) organic carbon (δ13CDOC and δ13POC) signature is 
observed in the upper-estuary closer to land characteristic of terrestrial and riverine plants and 
phytoplankton and relatively 13C-enriched (less-negative) higher values are observed in the mid 
and lower estuary sections where marine phytoplankton represent a higher proportion of the 
carbon pool. More negative values also usually occur in summer or under conditions of 
enhanced rates of remineralisation and productivity attributed to the uptake of CO2 over HCO3- 
within the estuary (Fogel et al., 1988).  
The composition of carbon isotope ratios in estuaries is largely determined by the 
photosynthesis and respiration cycle. During photosynthesis phytoplankton discriminate 
against 13C and preferentially take up the lighter 12C isotope with the remaining DIC pool 
consequently enriched in the heavier 13C (Herczeg, 1987; Parker et al., 2010). The 13C of the 
organic carbon pools is primarily governed by 13C of DIC that is used by primary producers 
leading to isotope fractionation during carbon fixation (De Kluijver et al., 2014). 
Photosynthesis and respiration alter the concentration and isotope values within the estuary. 
Higher concentrations and more negative δ13C values of DIC are generally the result of net 
heterotrophic activity and lower concentrations and more positive δ13C values of DIC the result 
of net autotrophic activity, that can influence organic carbon δ13C in estuaries (Coffin et al. 
1994). These characteristic isotope signatures can be used to assess the carbon dynamics, and 
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to potentially trace the effects of urbanisation through eutrophication, in an estuary (Cotovicz 
et al, 2019; Oczkowski et al, 2018, Oczkowski et al, 2018). 
The natural variation in carbon isotopes has been widely applied to better understand sources, 
sinks and the transformations between the various forms of carbon due to biogeochemical 
processes in estuaries (Rau, 1978; McKenzie, 1982; Raymond and Bauer, 2001; Wang et al., 
2016; He and Xu, 2007), and together with mathematical mixing models to determine the 
proportion of sources and sinks (Phillips et al., 2005; Coffin et al., 1989; Peterson et al., 1994; 
Raymond and Bauer, 2001; Adiyanti et al., 2016, He and Xu, 2017). There is recent evidence 
that phytoplankton production resulting from anthropogenic nutrient inputs can potentially be 
tracked by carbon isotopes providing a useful indicator for human pressures in an estuary  
(Cotovicz et al, 2019; Oczkowski et al, 2018) that may provide a tool to monitor ecosystem 
production, when used in conjunction with other environmental measures (Oczkowski et al., 
2014).  
Before the development of stable isotope methods C:N ratios were commonly used to 
characterise the source and degree of biological alteration of organic matter based on the 
concept that the bulk N content is higher in aquatic vs terrestrial organic matter (Tyson, 1995). 
Stable isotopes used in conjunction with concentration, C:N ratios and ancillary environmental 
parameters such as chlorophyll-a, dissolved oxygen and the partial pressure of carbon dioxide 
(pCO2), offer powerful additional proxies that benefit the assessment of carbon dynamics in 
estuaries particularly when there are overlaps or small differences in δ13C signatures from 
different sources (Raymond and Bauer, 2001). The characteristic range of δ13C values reported 
in the literature for dissolved inorganic carbon (δ13CDIC), dissolved organic carbon (δ13CDOC), 
particulate organic carbon (δ13CPOC) and C:N ratios are shown in Supplementary Material 
Table 10. 
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There are gaps in the literature on how carbon is transformed within estuaries, especially in 
saline reaches surrounded by megacities (Griffith and Raymond, 2010). Rainfall and thus 
freshwater discharges are known to play an important role in the spatial and temporal dynamics 
of carbon cycles in an estuary with dry, medium and high rainfall conditions influencing 
different sized flows and inputs to the estuary (Hitchcock and Mitrovic, 2015). Results of 
previous studies of CO2 dynamics and the carbon budget of the Sydney Harbour Estuary 
established that the estuary was net heterotrophic on annual basis however transitioned to an 
autotrophic state in conditions of high rainfall (Tanner et al., 2017; Tanner and Eyre, 2019).  
In this study DIC, DOC, DIC and PON concentration and their stable isotopes, together with 
other measures, were used to assess the carbon dynamics in the estuary as these pools integrate 
both the respiration and photosynthesis processes over relevant temporal and spatial scales 
(Kaldy et al., 2005). There have been no other reports of carbon concentration and isotope data 
from the Sydney Harbour Estuary and relatively few other studies that include simultaneous 
measurements of both organic and inorganic carbon in global estuaries with this data set 
offering a novel aspect to explore anthropogenic pressures on the carbon dynamics of a large 
urban drowned river valley estuary. In this study the dry and MRF conditions demonstrated the 
net heterotrophic nature of the estuary in contrast to HRF conditions that exhibited indications 
of net autotrophy. The hypothesis tested was that rainfall would alter carbon sources, sinks, 
and transformations and that together with the typical geomorphology and hydrodynamics of 
the river valley system, would affect the autotrophic-heterotrophic balance of the estuary. The 
results were used to further explore the application of stable isotopes to indicate human 
pressures on large urban drowned river valley estuaries. 
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Study Site 
The Sydney Harbour Estuary is a large drowned river valley system located on the temperate 
East Coast of Australia. It is adjacent to the city of Sydney that is the most highly urbanised 
city in Australia, with a population projected to reach 10 million people by the year 2100 with 
all the consequences of urbanisation having an impact on the harbour/estuary. The estuary is 
situated in a temperate climate that exhibits episodic precipitation and discharge with long dry 
spells (less than 5mm) interspersed with periods of medium rainfall (5 to 50 mm) and 
occasional high rainfall events (over 50 mm). The estuary has a low catchment to estuary ratio 
draining a catchment of approximately 512 km2 into a water body with a surface area of only 
52.12 km2. As there are no permanent rivers that flow into the estuary, rainfall drives inputs 
from the catchment through the narrow tributaries of the upper estuaries of the Parramatta 
River, Lane Cove River and Middle Harbour (Figure 23). The Parramatta catchment is one of 
the most highly urbanised regions in Australia and is the main tributary of the Sydney Harbour 
Estuary draining 70-90% of the stormwater that enters the system (Provost, 2015). The minor 
tributary of Lane Cove River joins the Parramatta River at Cockatoo Island in the mid estuary 
and Middle Harbour drains directly into the lower Port Jackson section of the estuary. Lane 
Cove and Middle Harbour are highly urbanised residential catchments surrounded by areas of 
national park. The banks of all the upper estuaries are lined with extensive stands of mangroves.  
The lower marine end of the Sydney Harbour Estuary is highly influenced by the generally 
nutrient poor, low pCO2 coastal waters from the East Australian Current and its eddies 
(Roughan and Middleton, 2004; Takahashi et al., 2002). The estuary is highly influenced by 
the coastal waters that are flushed in and out of the estuary through a wide opening at the Port 
Jackson Heads (maximum 3 km wide) and deep (25 metres) that allows tides to propagate well 
into the system developing generally well mixed conditions throughout the estuary in the 
absence of rainfall (Xiao, 2019).  
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Figure 23. Study site and data collection locations for dissolved inorganic carbon 
(DIC),dissolved organic carbon (DOC), particulate organic carbon (POC) and sediment core 
samples. Time series sampling campaigns were conducted at the main tributary inflows and 
the marine boundary.  
 
Carbon dynamics in the Sydney Harbour Estuary are complex and are intrinsically linked to 
the highly variable rainfall that drains the urban basin flushing carbon and nutrients into the 
estuary, as well as changing the estuarine hydrodynamics (Wolanski, 1977). During the study 
year (2013) the rainfall pattern over Sydney was erratic. Over long dry spells the estuary 
became well mixed with a weak longitudinal salinity gradient ranging from around 25 at the 
upper riverine end of the estuary to 35.5 at the lower marine end. The gradient increased with 
rainfall from around 5 to 34.5 from the riverine to marine end of the estuary. Runoff from the 
catchment increases rapidly during rainfall events and in the case of a high rainfall event (> 
50mm in one day) a buoyant freshwater plume is formed, flushing carbon and nutrients from 
stormwater downstream, that are mainly discharge into the narrow upper estuaries (Lee et al., 
2011). A fraction of the freshwater plume containing urban inputs may be flushed out to sea 
Heads 
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with a portion retained within the mid or lower-estuary by tidal forces where carbon and 
nutrients are transformed or entrained downward over a period of around 3-5 days before 
returning to the generally well mixed condition of the classic river valley circulation (Wolanski, 
1977). Runoff volumes generally relax to near base-flow conditions and the estuary returns to 
its generally well mixed condition within two days of a rainfall event due to tidal mixing (Lee 
et al., 2011) so antecedent rainfall conditions rather than flow rates were used for this study. 
Generally, on an annual basis the estuary is slightly net heterotrophic however as a consequence 
of large inputs of carbon and nutrients delivered to the mid and lower estuary after a high 
rainfall event, nutrient stimulated biological pumping leads to a drawdown of CO2 into the 
estuary and transition to an autotrophic state (Tanner et al., 2017).  
 
Methods 
Over the year 2013 samples were collected monthly from up to 18 locations in the upper, mid 
and lower sections of the estuary (Figure 23). Surveys were conducted on: 9 dry (11-January, 
12-March, 15-April, 14-May, 11-June, 6-August, 5-September, 16-October and 20-December); 
4 medium rainfall (MRF: 16-January, 1-July, 5-July, 18-November) and 1 high rainfall (HRF: 
5-February) campaigns (Table 9). Due to the hydrodynamic nature of the estuary, rainfall 
classification was based on the 5-day antecedent rainfall amounts so surveys classified as dry 
had less than 5mm rainfall, medium rainfall surveys >5 mm <50 mm rainfall and the high 
rainfall survey >50mm rainfall, in one day over the previous 5 days. Surveys were conducted 
over a 10 to 12-hour time period starting from the outer harbour in the morning at the Port 
Jackson Heads then travelling along the main channel of the estuary to the weir at the upper 
Parramatta River before proceeding along minor tributaries of Lane Cove River and Middle 
Harbour Creek. Samples were analysed for concentration and isotope ratios of DIC, DOC, POC 
and PON. The isotope analyses for DIC and DOC however were only completed for the March, 
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April, May, June and July surveys. As sampling in the minor tributaries was not consistent the 
focus of this study is on assessing the carbon dynamics along the main channel of the Sydney 
Harbour Estuary from the Parramatta weir to the Port Jackson Heads. 
To establish the statistical range of values for determination of conservative mixing curves and 
for running the Stable Isotope Mixing Model in R (Simmr), samples of the same constituents 
were collected over 1 dry weather, 1 medium and 1 high rainfall campaign at the riverine 
boundary at up to 8 inflow locations. For the marine boundary samples were used from the 
marine station closest to the entrance of the harbour taken during the dry surveys and a variable 
rainfall time series campaign was conducted at Chowder Bay in the lower-estuary to cover the 
range of tidal and hydrodynamic conditions (16 October – 1 November 2014).  
On board the 6-meter research vessel samples were collected at 10cm below the surface and 
filtered through pre-combusted GFF filters. A 0.5 ml saturated solution of mercuric chloride 
was added to 40-ml borosilicate glass vials prior to the addition of the sample to terminate 
microbial activity then refrigerated at 4oC until analysed.  
Samples were analysed for concentrations and stable isotopic composition of DIC, DOC, POC 
and PON. Concentrations and δ13C of DIC and DOC were measured via continuous flow wet 
oxidation using a TOC elemental analyzer (Aurora 1030W, OI Scientific) interfaced with an 
isotope ratio mass spectrometer (Thermo-Finnigan Delta V plus) with a δ13C precision of 
± 0.08‰ see Oakes et al. (2010). Samples of POC and PON were collected as described above 
with up to 1 litre of water filtered onto the pre-combusted GFF filters. Samples were weighed, 
dried and stored in a vacuum jar until analysed using an elemental analyser (Flash EA) 
interfaced with an isotope ratio mass spectrometer (Thermo-Finnigan Delta V plus) the method 
precision from an internal urea standard (−0.3‰) was 0.15‰ (Eyre et al., 2013; Wells and 
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Eyre, 2019). To determine the margin of error in the collection and analysis methods triplicate 
samples were run for the day and wet weather campaigns (SD=0.01). 
Additional environmental parameters were collected at each station include water temperature, 
salinity, chlorophyll-a and dissolved oxygen using a YSI sonde (Springs Instruments, Model 
6600 V2) with pCO2 measured using a showerhead gas equilibration device coupled to a PP 
Systems Environmental Gas Monitor (EGM-4) (Santos et al., 2012; Tanner et al., 2017). 
Surface samples (top 1 cm) from 4 sediment cores provided by Gavin Birch (Birch et al., 2015; 
Figure 23) were analysed for concentration and isotope signatures of δ13CPOC and δ13NPON. 
Core samples were freeze dried and stored until analysed as for POC above.  
Concentration and isotopic mass balance mixing curves were calculated for all constituents by 
a two-component conservative mixing model using the formula of Fry (2002): 
CMIX = f  CR + (1 – f) CM   (eq.1) 
 Where: C is concentration  
 
  Subscripts R and M are river and marine end members  
f is the fraction of freshwater in each sample calculated from salinity: 
    f  =  (SM – Ss) / (SM – SR)   (eq. 2) 
 Where: S is the salinity (PSU) and subscript S is the salinity at a specific station. 
The isotope ratio of mixed estuarine samples was calculated as: 
δMIX = [f (CRδR + (1 – f) CMδM)] / CMIX (eq. 3) 
Where: Subscripts are the same as before, CMIX is from eq.1 
δ is the isotope ratio of the constituent 
C is the concentration at the river and marine boundaries  
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Isotope ratios for the constituents are from Table 11; concentration data at the river and marine 
boundaries from Supplementary Material Table 14. 
 
The Simmr model (Parnell and Inger, 2016) was run to determine the proportion of POC in the 
estuary that was derived from marine and tributary (terrestrial) sources as well as the proportion 
from surface sediment sources in dry, MRF and HRF conditions. Simmr is an R program that 
solves mixing equations for stable isotopic data within a Bayesian framework. The model was 
set up with 2 input objects using the case of two stable isotopes (one carbon and one nitrogen); 
the mixtures, source means and source standard deviations (Table 11). The mixtures contain 
the stable isotopic data for the constituents measured along the estuary with the sources from 
the riverine and marine boundaries in dry, MRF and HRF conditions.  
The dynamics of POC within the estuary are complex however the difference between carbon 
isotopes of organic matter from terrestrial and marine sources as well as the surface sediments 
were large enough to assess their relative contribution to the estuarine pool. As there was a 
significant correlation between the concentrations of POC and PON, δ15NPON was used as the 
second variable to constrain the model (Supplementary Material Figure 27). The Simmr 
model was run for dry, MRF and HRF cases constrained by the two isotopes (δ13CPOC and 
δ15NPON) using sample mixtures, tributary and marine boundary statistics from Table 11 and 
the sediment mixtures from Supplementary Material Table 13. 
Correlation matrix plots for dry, MRF, and HRF conditions for the Sydney Harbour Estuary 
were produced using the Performance Analysis package in R. The results are provided in 
Supplementary Material Figure 27. The plots show the value of the Pearson correlation 
coefficient (r) for all the variables and the result of the correlation test.  
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Results 
Physical and chemical parameters 
 
 
Figure 24 Mean trends of measured constituents (Table 9) for concentration of dissolved 
inorganic carbon (DIC), dissolved organic carbon (DOC), particulate organic carbon (POC) 
and particulate organic nitrogen (PON) and their stable isotope ratios (δ13C-DIC, δ13C-DOC 
and δ13C-POC) in dry, medium rainfall (MRF) and high rainfall (HRF) conditions for the 
upper, mid and lower sections of the Sydney Harbor Estuary.  
 
Table 9. Survey data and statistics for the year 2013 including concentrations (DIC, DOC, 
POC, PON) and stable isotope ratios (δ13CDIC, δ13CDOC, δ13CPOC, δ15NPON) for dry (<5 mm/day), 
medium rainfall (MRF >5 to <50 mm/day) and high rainfall (HRF >50 mm/day) surveys 
collected along the main channel of the Sydney Harbour Estuary from the weir at the upper 
Parramatta River (0 km) to the Port Jackson Heads at the marine end of the estuary (32 km). 
(Note: maxima and minima values for the whole estuary for each constituent in dry, MRF and 
HRF conditions are highlighted in bold). 
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Constituent 
 
Rainfall 
Condition Statistic 
Upper 
Estuary 
Parramatta Weir 
Upper-Mid 
Estuary 
Ermington Bay 
Mid 
Estuary 
Putney 
 
Mid-Lower 
Estuary 
Cockatoo Island 
Lower 
Estuary 
Port Jackson 
Heads 
0 km 5.7 km 9.3 km 17.9 km 32.0 km 
DIC 
(umol L-1) 
Dry 
mean 
min / max 
count 
1987±152 
1767 / 2237 
7 
2094±119 
1904 / 2328 
8 
2084±101 
1973 / 2273 
6 
2005±133 
1872 / 2228 
8 
2021±130 
1868 / 2257 
7 
MRF 
mean 
min / max 
count 
1336±237 
1087 / 1704 
4 
1717±434 
1152 / 2295 
4 
1869±287 
1452 / 2259 
4 
1860±279 
1527 / 2210 
3 
2034±174 
1794 / 2202 
3 
HRF value 968 1455 1368 1435 2005 
DOC 
(umol L-1) 
Dry 
mean 
min / max 
count 
271±118 
120 / 505 
7 
164±101 
62 / 381 
8 
165±109 
6 / 318 
6 
106±54 
10 / 189 
8 
66±48 
2 / 140 
7 
MRF 
mean 
min / max 
count 
375±120 
257 / 568 
4 
210±95 
65 / 322 
4 
171±87 
42 / 288 
4 
93±62 
20 / 172 
3 
83±40 
34 / 132 
3 
HRF value 399 451 394 430 169 
POC 
(umol L-1) 
Dry 
mean 
min / max 
count 
52±33 
5 / 100 
6 
52±27 
8 / 100 
7 
41±21 
18 / 81 
7 
14±8 
3 / 30 
9 
10±4 
5 / 17 
7 
MRF 
mean 
min / max 
count 
65±13 
46 / 82 
4 
56±33 
11 / 92 
4 
134±135 
15 / 363 
4 
45±20 
22 / 72 
3 
19±10 
7 / 30 
4 
HRF value 70 57 149 115 54 
PON 
(umol L-1) 
Dry 
mean 
min / max 
count 
6.2±5.2 
0.6 / 16.3 
6 
5.7±3.0 
1.0 / 11.5 
7 
5.8±2.5 
3.2 / 9.3 
7 
1.8±0.9 
0.4 / 3.4 
9 
1.7±0.5 
1.1 / 2.6 
7 
MRF 
mean 
min / max 
count 
7.8±1.6 
6.0 / 9.5 
4 
6.0±2.9 
1.6 / 9.5 
4 
10.4±5.9 
2.5 / 18.6 
4 
6.3±1.7 
4.9 / 8.7 
3 
3.2±2.4 
1.0 / 7.1 
4 
HRF value 10.0 7.0 17.0 14.0 7.3 
δ13CDIC 
(‰) 
Dry 
mean 
min / max 
count 
-5.49±1.16 
-7.40 / -4.46 
4 
-2.54±0.67 
-2.40 / -1.72 
4 
-1.92±0.62 
-4.50 / -0.16 
4 
0.18±0.43 
-0.48 / 0.79 
4 
1.03±0.20 
0.80 / 1.28 
3 
MRF 
mean 
min / max 
count 
-6.9±1.3 
-8.1 / -5.6 
2 
-5.1±2.0 
-7.2 / -3.1 
2 
-2.7±1.2 
-3.9 / -1.5 
2 
-0.7 
 
1 
0.91±0.09 
0.82 / 1.00 
2 
HRF value -10.20 -3.90 -2.40 -0.40 1.60 
δ13CDOC 
(‰) 
Dry 
mean 
min / max 
count 
-26.51±2.17 
-28.00 / -25.50 
4 
-25.37±2.60 
-26.48 / -24.10 
4 
-25.30±1.59 
-25.50 / -25.32 
4 
-25.00±2.35 
-25.88 / -24.16 
4 
-24.30±1.21 
-25.63 / -22.70 
3 
MRF 
mean 
min / max 
count 
-28.55±2.95 
-31.50 / -25.59 
2 
-28.64±2.96 
-31.60 / -25.67 
2 
-27.74±1.56 
-29.30 / -26.18 
2 
-25.50 
 
1 
-27.43±1.47 
-28.90 / -25.96 
2 
HRF value -31.40 -33.50 -35.10 -35.10 -33.10 
δ13CPOC 
(‰) 
Dry 
mean 
min / max 
count 
-27.72±1.87 
-30.20 / -23.30 
7 
-26.04±0.68 
-27.35 / -25.00 
7 
-25.18±0.97 
-26.92 / -23.39 
7 
-25.17±1.12 
-26.50 / -22.77 
9 
-24.37±1.03 
-25.11 / -21.96 
7 
MRF 
mean 
min / max 
count 
-25.63±1.36 
-26.64 / -23.30 
4 
-25.60±0.55 
-26.52 / -25.07 
4 
-24.19±1.80 
-25.80 / -21.15 
4 
-24.68±0.55 
-25.22 / -23.92 
3 
-26.23±2.93 
-30.70 / -22.52 
4 
HRF value -26.90 -25.40 -22.70 -22.60 -28.00 
δ15NPON 
(‰) 
Dry 
mean 
min / max 
count 
7.96±5.17 
2.00 / 18.68 
6 
7.36±3.98 
1.85 / 14.90 
7 
14.38±6.94 
7.80 / 26.42 
7 
9.31±3.51 
4.08 / 16.81 
8 
6.93±3.56 
1.85 / 11.59 
7 
MRF 
mean 
min / max 
count 
5.89±1.90 
3.27 / 7.70 
3 
4.78±2.40 
2.16 / 8.70 
4 
6.89±1.44 
4.75 / 8.70 
4 
8.67±5.13 
2.43 / 15.00 
3 
11.87±10.30 
2.33 / 29.25 
4 
HRF value 0.50 6.40 9.90 11.50 9.90 
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DIC concentration and isotope ratios in the upper water column  
DIC concentrations varied spatially along the estuary with generally lower concentrations at 
the upper riverine end of the estuary (Parramatta Weir) increasing with salinity towards the 
lower marine end of the estuary at Port Jackson Heads (Figure 24 a, b, c). In dry conditions 
DIC concentrations were fairly uniform, in MRF conditions there was an increasing gradient 
with salinity and in HRF conditions there was an increasing gradient in the upper and lower 
estuary with fairly uniform conditions along the mid estuary. DIC concentrations were 
minimum in HRF conditions in the upper estuary at Parramatta Weir (968 umol L-1) and 
maximum in dry conditions in the upper-mid estuary at Ermington Bay (2328 umol L-1) (Table 
9). At the lower marine end of the estuary there was a narrow range in DIC concentration from 
1794 ummol L-1 in MRF to 2257 ummol L-1 in dry conditions in contrast to the upper estuary 
where there was a larger range in DIC concentrations from 968 ummol L-1 in  HRF conditions 
to 2237 ummol L-1  in dry conditions (Table 9).   
DIC isotope ratios varied spatially along the estuary with a more negative δ13C-depleted values 
in the upper estuary becoming more positive δ13C-enriched at the marine end of the estuary in 
all conditions with the gradient increasing with rainfall conditions (Figure 24 d, e, f). δ13C 
values were lowest (most negative) in HRF conditions in the upper estuary (-10.20‰) and 
highest (most positive) in HRF conditions in the lower estuary (1.60 ‰) (Table 9). In the upper 
estuary there was a larger range ~6‰ in δ13CDIC values from -10.20‰ in HRF conditions to -
4.46‰ in dry conditions in contrast to the narrow range <1‰ in the lower estuary from a 
minimum of 0.80‰ in dry conditions to a maximum of 1.60‰ in HRF conditions (Table 9).  
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DOC concentration and isotope ratios in the upper water column  
Concentrations of DOC generally decreased from the upper to lower estuary and increased with 
rainfall in contrast to DIC (Figure 24 a, b, c). The range was from a maximum of 568 umol L-
1  in the upper estuary in MRF conditions to a minimum of 2 umol L-1  in the lower estuary in 
dry conditions (Table 9). DOC was the main source of organic carbon entering the estuary 
from the terrestrial boundary with concentrations generally an order of magnitude higher than 
those of POC (Table 9). 
DOC isotope ratios varied spatially along the estuary from the lower δ13CDOC value of -31.20‰ 
in the upper estuary in dry conditions to the higher value of -22.70‰ in the lower estuary in 
dry conditions (Table 9). In HRF conditions δ13CDOC had a mean value of -33.64‰ throughout 
the estuary that was depleted by up to 10‰ compared to values in the dry and MRF conditions 
(Figure 24 d, e, f).  
 
POC, PON concentration, isotope ratios and C:N in the upper water column 
and surface sediments  
POC concentrations varied spatially along the estuary showing a generally decreasing gradient 
from the upper to lower-estuary in dry conditions with high variability and maximum 
concentrations observed in the mid-estuary in rainfall conditions (Figure 24 g, h, i).  The range 
was from a maximum of 363 umol L-1  in the mid estuary in MRF conditions to a minimum of 
3 umol L-1  in the mid-lower estuary in dry conditions (Table 9). Concentrations of POC and 
PON showed similar gradients as they were highly correlated in dry (r=0.9; p<0.05) and HRF 
(r=1; p<0.05) conditions and were moderately correlated in MRF conditions (r=0.5; p<0.05) 
(Supplementary Material Figure 27). The range in PON concentrations was from a 
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maximum of 18.6 umol L-1  in the mid estuary in MRF conditions to a minimum of 0.4 umol 
L-1  in the mid-lower estuary in dry conditions (Table 9).  
POC isotope ratios varied spatially along the estuary with δ13CPOC values becoming less 
negative from the upper to lower estuary in dry conditions however exhibited higher variability 
in rainfall conditions with δ13CPOC becoming enriched in the mid estuary by up to 6‰ compared 
to dry conditions coincident with maximum POC concentrations (Figure 24). The most 
depleted δ13CPOC value of -30.70‰ and most enriched δ13CPOC value of -21.15‰ were observed 
in MRF conditions in the lower and mid estuary respectively (Table 9). δ15PON values were 
highly variable during wet and dry conditions ranging from a minimum of 0.5‰ in the upper 
estuary in the HRF case to a maximum of 29.25‰ in the upper estuary in MRF conditions 
(Table 9).  
δ13CPOC of the surface sediments varied along the estuary within a narrow range decreasing by 
around ~2‰ along the estuary (Supplementary Material Table 13). C:N ratios in the surface 
sediments decreased from 15 in the upper to 4 at the lower end of the estuary. The surface 
sediments of the Sydney Harbour Estuary had δ13CPOC values of -23.5‰ at Glades Bay and -
21.5‰ at Chowder Bay, representing the upper and lower sections of the estuary respectively 
(Supplementary Material Table 13). Although overall patterns were similar, sedimentary 
POC was generally δ13C-enriched compared to POC from the upper water column. Previous 
studies attribute 1-6‰ enrichments to either high benthic bacterial metabolism or to 
terrestrially derived δ13C-enriched matter (Eadie and Jeffrey, 1973; Fischer, 1991; Sackett et 
al., 1965).  
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POC Source from the Stable Isotope Mixing Model in R (Simmr) 
The results of the Simmr model for the three rainfall cases (dry, medium and high) are shown 
in Figure 25. The boxplot outputs compare the proportion of tributary (terrestrial boundary) vs 
marine source based on probability. The Simmr model outputs from the upper water column 
indicated that the source proportion of marine derived POC within the estuary was highest in 
the dry (60%) weakening for HRF (37.5%) and MRF (30%) cases (Figure 25). Conversely the 
source proportion of material derived from the tributary source was highest in MRF (70%) 
weakening for HRF (62.5%) and dry (40%) cases. 
Table 11. Isotope ratio data for the tributary boundary, marine boundary and estuarine mixtures 
of particulate organic carbon (δ13CPOC) and particulate organic nitrogen (δ15NPON) in dry, mean 
rainfall and high rainfall conditions for the Simmr model setup. 
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Figure 25. Proportion of tributary (red) vs marine (blue) sources of δ13CPOC for the upper water 
column for dry, medium rainfall (MRF) and high rainfall (HRF) cases.  
60% 
40% 
30% 
70% 
37.5%
 
62.5%
% 
  Tributary                 Marine 
  Tributary                 Marine 
  Tributary                 Marine 
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The results of the model run for the same three conditions constrained with δ13CPOC surface 
sediment samples indicated the source proportion of surface sediment derived POC within the 
estuary was lowest in the dry scenario (23%) strengthening for the HRF (37%) and MRF (48%) 
cases (Figure not shown). Although the model provides evidence of surface sediments in the 
estuary this result may have been confounded by conditions during sampling that could have 
promoted sediment settling or due to the overlap in δ13CPOC values of the sediment and 
terrestrial POC sources (Table 11; Supplementary Material Table 13) .  
 
Concentration and isotopic mixing curves 
The concentration and isotopic mixing curves show that mixing in the Sydney Harbour Estuary 
was generally non-conservative in all cases except for the MRF case when δ13CDOC exhibited 
conservative behaviour. In rainfall conditions constituents exhibited reasonably well explained 
behaviour with quadratic equations generally able to determine the expected concentration and 
isotopic values with a high degree of confidence (Figure 26).   
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Figure 26. Concentration and isotopic conservative mixing curves and quadratic equations for 
dissolved inorganic carbon (DIC), dissolved organic carbon (DOC) and particulate organic 
carbon (POC).  (Note: open circles are data collected during dry weather surveys, filled circles 
are data collected during medium rainfall surveys, filled triangles are data collected during the 
high rainfall survey, the solid line is the conservative mixing curve and dotted lines the 
quadratic equations). 
 
Concentration mixing curves indicate additions above the conservative mixing curve and 
removal below the conservative mixing curve. Positive deviations of δ13CDIC from conservative 
behaviour (13C-enrichment) indicate net autotrophy (Production > Respiration) while negative 
deviations (13C-depletion) indicate net heterotrophy (Production < Respiration) (Kaldy et al., 
2005). δ13C DOC and 13CPOC are both indicators of marine, freshwater and terrestrial OM 
sources. 
a b 
f e 
d c 
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The concentration mixing curves for DIC show net additions in the MRF and dry cases except 
for in the high salinity waters of the lower estuary where observations show variable additions 
and removal of DIC (Figure 26 a). In contrast the concentration mixing curve for DOC shows 
net removal in the MRF and variable additions and removal of DOC in the dry case (Figure 
26 c). POC shows a high degree of variability in dry and MRF conditions with observations 
above and below the concentration mixing curve with indications of removal at low salinity 
(Figure 26 e). In the HRF case DIC generally indicates removal throughout the estuary with 
additions of DOC and POC with the exception at low salinity in the upper estuary (Figure 26 
a, c, e). 
The isotopic mixing curves for DIC show net heterotrophy in all conditions throughout the 
estuary except for in HRF conditions when there are indications of autotrophy at mid to high 
salinities (Figure 26 b). The isotopic mixing curve for DOC and POC indicate δ13C values 
typical of marine organic matter at high salinities and terrestrial derived organic material at 
medium salinity in the dry, values are representative of terrestrial plant material in MRF 
conditions and of freshwater phytoplankton in HRF conditions (Figure 26 d, e; 
Supplementary Material Table 10).  
 
Discussion 
 
Allochthonous sources of organic carbon 
Different sources and  proportions of carbon were derived from the marine versus the tributary 
(terrestrial) boundaries in dry, MRF and HRF conditions in the Sydney Harbour Estuary (Table 
11). Generally, in the upper water column δ13CPOC are considered to be similar to that of 
plankton so the carbon isotopic composition of suspended particulate matter in the water 
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column are assumed to be derived primarily from phytoplankton (Mook and Tan, 1991). 
Phytoplankton within the estuary may however be derived from a marine or freshwater 
(tributary) source. The δ13CPOC of freshwater-dissolved CO2 (δ13CPOC ~ -20 to - 26‰) is 12 to 
18‰ more negative than marine-dissolved CO2 (δ13CPOC ~ -8‰), so freshwater phytoplankton 
have δ13CPOC values of around -42‰ to -19‰ in high HCO3- water at moderate temperatures 
while marine phytoplankton generally have values between -16‰ to -25‰ (Fry, 2006; Lamb 
et al, 2006; Hemminga and Mateo, 1996; Meyers, 1994; Supplementary Material Table 10).  
Generally, in all conditions the source of δ13CPOC at the marine boundary of the estuary was 
found to be within the range for marine phytoplankton. In dry conditions a high proportion 
(60%) of POC was derived from the marine source so the dominant source of POC in dry 
conditions was determined to be marine phytoplankton. In MRF conditions there was a higher 
proportion (70%) of POC from the terrestrial boundary with evidence of C3 plant material 
(δ13CPOC of ~ -27‰; Supplementary Material Table 10). There was also a high proportion 
of surface sediment derived POC detected in MRF conditions.  In HRF conditions there was a 
high proportion of material derived from the tributary (62.5%) with δ13C-depleted POC in the 
range of freshwater phytoplankton of heterotrophic CO2 origin from the tributary.  
 
Transformation of carbon within the estuary  
Mixing in the estuary was generally found to be non-conservative with extensive 
transformation of allochthonous and autochthonous carbon sources.  The high retention upper 
estuary, that is most affected by direct urban discharge, was an important source of δ13C-
depleted DIC sustained by high levels of bacterial mineralization and respiration with δ13C-
depleted DIC measured in the range -7.40 to -10.70‰ in all conditions. In contrast in the large 
area of the well flushed lower estuary δ13CDIC signatures were more positive and remained in 
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a narrow range, <1‰ variation in all conditions, from 0.80‰ in dry conditions to1.60‰ in 
HRF conditions, that fall within the normal range found for seawater -1 to 2.2‰ (Takahashi et 
al., 2000; Bouillon et al., 2011). In the mid and lower estuary photosynthesis and respiration 
processes were largely affected by phytoplankton growth that was stimulated by nutrient 
availability as indicated by the strong correlation between POC and PON in dry and HRF 
conditions (Supplementary Material Figure 27). As nutrient induced phytoplankton growth 
is characterised by δ13C-enriched POC when autotrophic activity is maximal (Savoye et al., 
2003) the high concentrations of δ13C-enriched POC observed in the mid estuary together with 
a slight dip in DIC concentrations in HRF conditions (Figure 24 c, f, i) were indicators of 
autochthonous phytoplankton production from an autotrophic DIC source.  
 
Heterotrophic - Autotrophic balance 
Depending on the conditions of the estuary carbon and nitrogen fluxes from urban runoff can 
stimulate excessive productivity that can lead to an increase in autotrophy accompanied by low 
pCO2 and high dissolved oxygen levels or alternatively to an increase in heterotrophy 
characterised by high pCO2 and oxygen depletion (Gilbert et al., 2014). The susceptibility of 
an estuary to autotrophy or heterotrophy is largely controlled not only by the reactivity of the 
organic matter in the estuary but also by the geomorphology, hydrology and ocean exchange 
(Bianchi et al, 1999). In order to understand what is driving the autotrophic-heterotrophic 
balance of the Sydney Harbour Estuary the carbon constituents in MRF and HRF conditions 
were examined together with ancillary environmental measurements (Supplementary 
Material Table 12) in the context of the typical geomorphology and hydrodynamic setting of 
the river valley system.  
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In the Sydney Harbour Estuary in both MRF and HRF conditions indications of nutrient 
stimulated autotrophy phytoplankton production wsa demonstrated by high concentrations of 
δ13C-enriched POC in the mid estuaries together with high concentrations of PON. The isotopic 
mixing curves however indicate a source of DIC and net heterotrophy throughout the estuary 
in MRF conditions whereas HRF conditions exhibit characteristics of autotrophy and a sink of 
DIC at mid to high salinities. The ancillary environmental parameters indicate that primary 
production levels in the MRF case were less intense in the mid estuary compared to the HRF 
case as demonstrated by lower chlorophyll-a levels of 10 ugL-1 compared to 30 ugL-1 in MRF 
and HRF conditions respectively (Supplementary Material Table 12). Although in MRF 
conditions there was some evidence of autotrophic phytoplankton production based on δ13C-
enriched POC, oversaturated pCO2 in the mid and lower estuary of 702 and 411 µatm 
respectively confirm a net CO2 source (Supplementary Material Table 12). It is suggested 
that in MRF conditions the estuary maintained a net heterotrophic state due to the delivery of 
terrestrial organic matter and sediments to the mid estuary by river-runoff induced flows that 
were entrained or flocculated out of the upper water column creating a sink, (Lee et al., 2011; 
Xiao, 2019) with light limitation from turbid suspensions also contributing to low primary 
production rates in MRF conditions. 
In HRF conditions maximum concentrations of δ13C-enriched POC were observed in the mid 
estuary that were around 2‰ higher compared to MRF conditions (-22.5‰ compared to -
24.5‰ respectively) and were associated with a small drop in  DIC concentrations, that was 
not observed in MRF conditions (Figure 24 b,c). In HRF conditions a buoyant freshwater 
plume (Lee et al., 2011) delivered labile freshwater phytoplankton and nutrients to the mid and 
lower estuary for phytoplankton to metabolise with the presence of nutrient stimulated 
phytoplankton production from an autotrophic DIC source in the mid estuary confirmed by 
measurements of high concentrations of Chlorophyll-a (up to 30 µgL-1) together with 
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undersaturated pCO2 (down to 257 µatm) and high dissolved oxygen (up to 173%) 
(Supplementary Material Table 12). In HRF conditions in the mid estuary the δ13C-enriched 
POC values together with a narrow drop in DIC concentrations, clearly indicated intense 
nutrient stimulated phytoplankton production of an autotrophic system (Oczkowski et al., 
2014).  
In the lower estuary in HRF conditions POC were observed with δ13C of around -28.00‰ that 
is lower by around 6‰ compared to the mid estuary. The ancillary environmental data however 
show moderately high Chlorophyll-a levels (5.6 ugL-1) and undersaturated pCO2 (387 µatm) 
representing a slight CO2 sink (Supplementary Material Table 12). One explanation is that 
the lower δ13CPOC values represent the presence of freshwater phytoplankton from an 
autotrophic DIC source in the lower estuary (Lamb et al, 2006). Another explanation is that the 
lower estuary was at a different stage of the phytoplankton bloom than the mid estuary with 
phytoplankton taking up respired carbon becoming isotopically depleted in 13C compared to 
phytoplankton assimilating fresh carbon directly from the water column (Fogel et al., 1992). 
For example, the early stage of a nutrient induced phytoplankton bloom is characterised by low 
δ13CPOC when phytoplankton development is low, increasing δ13CPOC as production increases 
and high δ13CPOC in the late stage when part of the phytoplankton become degraded and 
autotrophic activity is at a maximum (Savoye et al., 2003).  
In HRF conditions the high levels of primary production were widely attributed to 
allochthonous inputs of freshwater phytoplankton and nutrients, delivered to the large mid and 
lower estuary by a freshwater plume. Thus, the altered source of carbon in HRF conditions, 
compared to dry and MRF conditions, facilitated by the hydrodynamic and geomorphological 
condition of the estuary, was primarily responsible for transitioning the system to an 
autotrophic state potentially presenting an important sink of atmospheric CO2.  
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The application of stable isotopes to indicate human pressures on urban 
drowned river valley estuaries  
As discussed, nutrients from urban runoff is one of the main human pressures to an estuary that 
can induce excessive phytoplankton growth, and depending on many conditions, this may 
enhance the autotrophic or conversely the heterotrophic nature of the estuary (Bratton et al., 
2003; Oczkowski et al, 2018). Using carbon isotope ratios to detect the highest levels of 
phytoplankton biomass, that are generally located in areas with the strongest anthropogenic 
influence (Bužančić, et al., 2016) is an emerging field of research. The biosignature of δ13C-
enriched POC is generally thought to be a useful indicator of net ecosystem production as 
maxima are generally linked with areas and periods of nutrient enhanced productivity 
(Oczkowski et al, 2014; 2018). In addition, the large isotope fractionation of δ13CDIC during 
photosynthesis makes it a sensitive indicator of carbon fixation (Quay et al., 1986; Hellings et 
al, 1999) with more positive isotopic ratios of DIC resulting from net autotrophic processes 
(Coffin et al., 1994). Alternatively, negative δ13CDIC signatures are associated with net 
heterotrophic processes (Bouillon et al., 2011). The emerging application of carbon stable 
isotopes to indicate human pressures has been widely applied in lakes, rivers, reservoirs and 
coastal ecosystems (Bratton et al., 2003; De Kluijver et al., 2014; Lin et al., 2006; Takahashi, 
et al., 1990; Xu et al., 2007) however there are few relevant case studies for drowned river 
valley systems (Bratton et al., 2003; Cotovicz et al., 2019;  Oczkowski et al., 2014). Guanabara 
Bay in Brazil and Narragansett Bay in the US provide examples where stable isotopes have 
been applied to indicate human pressures in large urban river valley estuaries (Cotovicz, 2019;  
Oczkowski , 2014). 
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Guanabara Bay is a large tropical marine dominated urban estuary situated adjacent to the city 
of Rio de Janeiro that receives high levels of sewage from urban runoff resulting in highly 
eutrophic waters. DIC, its stable isotope ratio and other environmental parameters were 
measured with the most negative δ13CDIC signatures (down to -6.1‰) found in polluted regions 
directly affected by sewage discharges where net heterotrophy induced high pCO2 and DIC 
concentrations (Cotovicz, et al., 2019; Hitchcock et al, 2010). Conversely in the largest areas 
of the bay at mid to high salinities phytoplankton-dominated regions induced net autotrophy 
that was characterised by the highest values of δ13CDIC (reaching up to 4.57‰) that have been 
recorded in global databases. Similarly, the δ13CDIC values measured in the highly impacted 
regions of the narrow upper estuary of the Sydney Harbour Estuary directly affected by river 
run-off also had the most negative δ13CDIC signatures (down to -10.70‰) with heterotrophy 
inducing high pCO2 (Supplementary Material Table 12). In the larger estuary at mid to high 
salinities however δ13CDIC values were between -0.40 to 0.79‰ falling within the normal range 
found for seawater that even in the most autotrophic conditions did not demonstrate the δ13C-
enriched DIC characteristics of Guanabara Bay. This example suggests that δ13C-depleted DIC, 
together with other environmental measures, may be a good indicator of highly heterotrophic 
areas impacted by eutrophication however δ13C-enriched DIC may not generally be a good 
indicator of nutrient stimulated autotrophic phytoplankton production.  
Narragansett Bay is a large urban drowned river valley estuary in the US with urbanisation and 
associated sewage inputs concentrated in the upper estuary (Oviatt et al. 2002). In the study by 
Oczkowski et al. (2014) δ13CPOC was used as an indicator of anthropogenic nutrient sources to 
test for nutrient stimulated phytoplankton production in the large Narragansett Bay estuary. 
Results showed the same characteristics that were observed in HRF conditions in the  mid 
estuary in the Sydney Harbour system coincident with maximum levels of nutrient stimulated 
autotrophic phytoplankton production. Both cases exhibited a clear increase in δ13CPOC values, 
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characteristic of an autotrophic DIC source, coincident with an increase in chlorophyll-a 
together with a narrow drop in DIC concentrations in response to increased nutrient loads. This 
example suggests that in phytoplankton dominated autotrophic systems δ13C-enriched POC, 
together with other environmental measures, may be a good indicator of areas where nutrient 
stimulated phytoplankton production enhances autotrophy in an estuary (Oczkowski et al., 
2014).  
Assessing estuarine carbon dynamics is challenging, particularly with some of the results of 
the stable isotope analyses being confounding, so using a variety of environmental measures 
to interpret the findings was important. Taken together the simultaneous measurements of both 
organic and inorganic carbon with other measures in the estuary supported the hypothesis that 
rainfall altered carbon sources, sinks, and transformations in the estuary and that together with 
the typical geomorphology and hydrodynamics of the river valley system, affected the 
autotrophic-heterotrophic balance. Understanding how human pressures influence estuaries is 
a global issue, as such further research into the application of stable isotopes to assess carbon 
dynamics in urban estuaries worldwide is warranted. 
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Supplementary Material Figure 27  
 
 
 
a). DRY 
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Supplementary Material Figure 28. Correlation matrix plots for a) dry, b) mean rainfall 
(MRF), and c) high rainfall (HRF) conditions for the Sydney Harbour Estuary produced using 
the Performance Analysis package in R. The plots show the value of the Pearson correlation 
coefficient (r) for the concentration variables dissolved inorganic carbon (DIC), dissolved 
b). MRF 
c). HRF 
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organic carbon (DOC), particulate organic carbon (POC) and particulate organic nitrogen 
(PON) and their isotopes and the result of the correlation test. Displayed on the plots are: the 
distribution of each variable on the diagonal; the bivariate scatter plots with a fitted line on the 
bottom of the diagonal; the value of the correlation plus the significance level (p < 0.05) is 
denoted by a star symbol on the top of the diagonal. The correlation analysis revealed a number 
of significant positive and negative associations between the studied parameters (p<0.05).  
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Supplementary Material Tables 
 
Supplementary Material Table 10 The range of δ13C values reported in the literature for 
characteristic organic and inorganic matter sources and C:N ratios. 
Carbon Source Constituent δ13CDIC 
(‰) 
Range 
δ13CDOC  
(‰) 
Range 
δ13CPOC     
(‰) 
Range 
C:N Ratio Reference 
 
 
Atmospheric 
 
CO2 
 
-7.8 
 
-7 to -8   
Zang and Quay 
(1995) 
Serling et al., 1991 
Ocean CO2 HCO3- 
-2, 2 
+1 0   
Bouillon et al., 
2011 
Calcium Carbonate 
Rocks CaCO3 0    
Keith and Weber, 
1964 
Marine water DOC  -25 to -22  6 to 26 
Degens et al. 
1968; Deines, 
1980; Anderson 
and Arthur, 1983 
Hemminga and 
Mateo, 1996 
Freshwater  DOC   -32 to -26  6 to 26 
Marine 
Phytoplankton POC   -25 to -16 6 to 8 * 
Meyers, 1994 
Lamb et al., 2006 
Estuarine / Riverine 
Phytoplankton POC   -30 to -24  
Tan and Strain, 
1983 
Freshwater 
Phytoplankton POC   -42 to -19 6 to 8 * Lamb et al., 2006 
Heterotrophic 
Bacteria OC  
Similar to 
substrate  4 to 8* 
Coffin et al., 1989; 
Wong et al, 1975 
Seagrasses and 
marine macroalgae OM   -21 to -6 15-45 
Hemminga and 
Mateo, 1996 
Freshwater 
macroalgae OM   -27 to -30 15-45 
Finlay and 
Kendall, 1994 
Soil Organic Matter OM -26 to -9 -32 to -22  8 to > 25 Schiff et al., 1990 
Terrestrial Plant 
Detritus 
OM 
IC -14.3  -26 13 to 33* 
Hellings et al., 
1999 
C3 Terrestrial 
Plants POC  -30 to -26 
-27 (mean) 
-32 to -20 13 to 45 
Peterson and Fry, 
1987 
Kohn, 2010 
C4 Terrestrial 
Plants  POC   -17 to -9 20 to 45 
Fry and Sherr, 
1984 
*(Tyson, 1995) 
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Supplementary Material Table 12. Mean values of environmental parameters measured in 
the upper water column of the Sydney Harbour Estuary in the year 2013 for the upper, mid and 
lower sections of the estuary during the January (dry), November (mean rainfall) and February 
(high rainfall) surveys. 
Environmental 
Parameter 
 
Rainfall 
Condition 
Upper 
Estuary 
Parramatta 
Weir 
Upper-Mid 
Estuary 
Ermington 
Bay 
Mid 
Estuary 
Putney 
 
Mid-Lower 
Estuary 
Cockatoo 
Island 
Lower 
Estuary 
Port Jackson 
Heads 
0 km 5.7 km 9.3 km 17.9 km 32.0 km 
Temperature 
(oC) 
Dry  28.28 25.98 25.92 24.06 22.15 
MRF 18.67 19.28 19.93 20.25 19.75 
HRF 24.77 23.95 23.64 23.05 21.57 
Salinity 
Dry 24.75 32.57 33.86 34.93 35.32 
MRF 4.73 15.06 25.74 32.63 34.59 
HRF 5.65 16.10 17.95 25.45 33.03 
pCO2 
(µatm) 
Dry 2597 1036 598 597 395 
MRF 1501 821 702 527 411 
HRF 2933 377 257 322 387 
Chl-a 
(µgL-1) 
 
Dry 9.42 5.52 1.81 3.26 1.36 
MRF 4.20 8.20 10.50 6.50 2.7 
HRF 5.5 9.70 30.20 14.13 5.6 
Dissolved 
Oxygen 
(%) 
Dry 68 91 106 109 109 
MRF 83 90 100 101 102 
HRF 48 153 173 148. 109 
 
 
 
Supplementary Material Table 13. Statistical data for estuarine surface sediment core 
samples. 
 Distance
(km)* 
POC 
(umo L-1)  
PON 
(umo L-1) 
δ13CSED 
(Surface) 
δ15NSED 
(Surface) 
C:N  
Glades Bay  12.2 30 2 -23.5 7.1 15 
Cockatoo Island 18.3 10 1 -23.3 8.5 10 
Farm Cove 23.6 10 1 -22.8 8.4 10 
Chowder Bay 28.2 20 7 -21.5 3.8 4 
*Distance from the Parramatta Weir (upper estuary at 0 km) to the Port Jackson Heads at the 
coastal ocean (lower estuary at 32 km). 
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Supplementary Material Table 14 
Supplementary Material Table 14. Statistical data (mean, standard deviation and number of 
stations) for the terrestrial and marine boundary including concentration (DIC, DOC, POC, 
PON) for dry, medium rainfall (MRF) and high rainfall (HRF) conditions. 
Constituent 
 
Rainfall 
Condition Statistic 
Terrestrial 
Boundary 
Marine 
Boundary 
DIC 
(umol L-1) 
Dry 
mean±SD 
count 
 
1318±152 
3 
2021±130 
7 
MRF 
  
mean±SD 
count 
 
859±233 
2 
 
2067±29 
18 
 
HRF 
mean±SD 
count 
 
712±39 
3 
 
 
DOC 
(umol L-1) 
Dry 
mean±SD 
count 
 
485±138 
3 
66±48 
7 
MRF 
mean±SD 
count 
 
699±220 
2 
46±18 
17 
HRF 
mean±SD 
count 
 
632±215 
3 
 
 
POC 
(umol L-1) 
Dry 
mean±SD 
count 
 
82±28 
3 
10±4 
7 
MRF 
mean±SD 
count 
 
116±173 
2 
29±12 
27 
HRF 
mean±SD 
count 
 
121±93 
3 
 
 
PON 
(umol L-1) 
Dry 
mean±SD 
count 
 
10±3 
3 
1.1±0.5 
7 
MRF 
mean±SD 
count 
 
13±19 
2 
27±14 
27 
HRF 
mean±SD 
count 
 
9±5 
3 
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Chapter 5 – Conclusion 
 
Synthesis of Results 
 
Figure 28. The graphical abstract illustrates the CO2 emissions and the effect that dry, medium 
and high rainfall conditions have on the autotrophic-heterotrophic balance of the estuary. The 
annual carbon budget for the Sydney Harbour Estuary depicts the quantities of dissolved 
inorganic (DIC) and total organic carbon (TOC) that are accounted for in the budget through 
input, transformation, loss and import/export processes. Characteristic POC and DIC 
concentration and isotope signatures can depict human impacts on the estuary. Note: units are 
in 108 mol C y-1. 
 
The different studies present within this thesis individually contribute novel insights into the  
carbon emissions, budget and dynamics of the Sydney Harbour Estuary that together form an 
in-depth analysis of the carbon cycle of the estuary in dry, medium and high rainfall conditions 
(Figure 28). This study established for the first time that on an annual basis the Sydney Harbour 
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Estuary was a heterotrophic system (carbon source) emitting carbon dioxide to the atmosphere, 
exporting dissolved inorganic carbon and importing organic carbon to/from the coastal zone. 
Emissions from the Sydney Harbour Estuary were estimated to be around 1000 tonnes of CO2 
per year to the atmosphere, which is a small amount for an estuary of its size. The study also 
developed the novel relationship that discharge per unit area could be used as a predictor of 
CO2 emissions for estuaries of a similar geomorphic class. Using carbon stable isotope 
signatures the study further established that due to the combination of elevated nutrient loads 
together with high summer thermal radiation provided the additional enhancement to the 
biological activity needed to transition the estuary into an autotrophic system (carbon sink) in 
conditions of high rainfall yet remained in a heterotrophic state (carbon source) in dry and 
mean rainfall conditions.  
The carbon budget for the Sydney Harbour Estuary found that the estuary was slightly net 
heterotrophic on an annual basis consistent with the expression of relatively low CO2 
emissions. The inorganic carbon cycle within the estuary resulted in a surplus production of 
dissolved inorganic carbon as a result of the net ecosystem metabolism. To balance the 
inorganic carbon budget, it was estimated that the Sydney Harbour Estuary exported nearly all 
of its riverine load of inorganic carbon to the coastal ocean. The organic carbon sinks together 
with losses, including the net transformation of organic carbon to inorganic carbon through net 
ecosystem metabolism within the estuary required a net import of organic carbon from the 
oceanic boundary into the estuary to balance the organic carbon budget. The estuary was 
therefore found to be a net heterotrophic system with external organic carbon inputs required 
to sustain its ecosystem metabolism.  
Concentrations and stable isotope ratios of the carbon constituents provided insight on the 
source and proportion of organic matter input to the estuary with: a dominance of marine 
derived phytoplankton in dry conditions, a high terrestrial load of organic matter delivered to 
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the estuary during MRF conditions and an influx of freshwater phytoplankton originating from 
a 13C‐depleted DIC source from the tributary in high rainfall conditions. In the upper estuary 
evidence of δ13C-depleted DIC observed in all conditions indicated highly heterotrophic areas 
impacted by human pressures. In MRF conditions, the hydrodynamics of the estuary suggest 
that organic matter, which were delivered by river-runoff induced flows to the mid estuary may 
have been entrained or flocculated out of the upper water column creating a sink of POC. 
Although there was indication of phytoplankton production based on δ13C-enriched POC, the 
overall system in mean rainfall conditions was found to be net heterotrophic. In high rainfall 
conditions, the strong correlation of particulate organic carbon with particulate organic 
nitrogen concentrations (r = 0.99; p < 0.05) indicated that phytoplankton production within the 
mid and lower estuary was significantly stimulated by nutrient availability, with high 
concentrations of δ13C-enriched particulate organic carbon of both the mid estuary indicating 
photosynthetic activity of a net autotrophic metabolism. Characteristic POC and DIC 
concentration and isotope signatures, together with environmental measures were found to be 
useful as indicators of human pressures on the estuary. The overarching conclusions of this 
study were that the Sydney Harbour Estuary was a net carbon source on an annual basis, the 
system transitioned to an autotrophic state in conditions of high rainfall yet remained in a 
heterotrophic state in mean rainfall conditions with the autotrophic-heterotrophic balance of 
the estuary governed by the rainfall regime that together with the typical geomorphology and 
hydrodynamics of the river valley system altered the carbon sources, sinks, and transformations 
in the estuary. 
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Summary of main findings 
In this study for the first time in the Sydney Harbour Estuary, carbon dioxide (CO2) emissions 
were calculated, inorganic and organic carbon forms were accounted for in a budget and the 
dynamic sources, sinks and transformations of carbon were traced using stable isotopes.  
 
CO2 emissions from a temperate drowned river valley estuary adjacent to an emerging 
megacity (Sydney Harbour) 
Chapter 2 used a novel data set to provide the first measurements of CO2 emissions from the 
Sydney Harbour Estuary. The highlights of the main finding of the Carbon dioxide emissions 
study of the Sydney Harbour Estuary are as follows: 
• CO2 emissions from the Sydney Harbour Estuary were net heterotrophic indicating that 
it was a source of atmospheric CO2 emissions over the year. 
• After a high rainfall event the estuary was transitioned into a net autotrophic state 
indicating that it was a net sink of atmospheric CO2 emissions integrated over the whole 
estuary. 
• Emissions from the Sydney Harbour Estuary were approximately 1000 tonnes of CO2 
per year into the atmosphere, which is a small amount for an estuary of its size.  
• The drowned river valley geomorphology contributed to the low overall level of CO2 
emissions and discharge per unit area was a good predictor of CO2 emissions for 
estuaries of a similar geomorphic class. 
• The estuary’s vulnerability to increased CO2 emissions from anthropogenic nutrient 
impacts is lowered by having a small catchment to estuary ratio with pollutants 
becoming well diluted on reaching the large lower estuary. 
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• Emissions from this estuary were found to be an order of magnitude lower than other 
large, temperate tectonic deltas, lagoons and engineered systems of China, India, 
Taiwan and Europe.  
• Emissions from this estuary were similar to other natural drowned river valleys in the 
USA. 
 
Carbon budget for a large drowned river valley estuary adjacent to an emerging megacity 
(Sydney Harbour) 
Chapter 3 incorporated the results of Chapter 2 that together with additional measured 
parameters and datasets compiled from the literature, contributed new insights on the inorganic 
and organic carbon budget of the Sydney Harbour. The highlights of the main finding of the 
carbon budget study of the Sydney Harbour Estuary are as follows: 
• The estuary was slightly heterotrophic with net ecosystem metabolism as the main 
control of carbon fluxes in the system. 
• Over an annual cycle, the estuary was a net exporter of dissolved inorganic carbon and 
importer of organic carbon.  
• The estuary exported a high percentage of its riverine load of inorganic carbon to the 
coastal ocean. 
• The importance of determining sources, sinks and transformations of all carbon forms 
to construct estuarine budgets was demonstrated. 
 
Using stable isotopes to assess carbon dynamics in a large drowned river valley estuary 
adjacent to an emerging megacity (Sydney Harbour) 
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Chapter 4 results using stable isotope data were consistent with Chapter 2 and 3 also 
contributing new insights on the carbon dynamics of the Sydney Harbour Estuary. The 
highlights of the main finding of the study of carbon dynamic in the Sydney Harbour Estuary 
are as follows: 
• Mixing in the estuary was generally non-conservative with extensive recycling of 
allochthonous and autochthonous carbon sources. 
• Rainfall altered the carbon sources: in dry conditions there was a dominance of marine 
derived phytoplankton; in MRF conditions there was a high terrestrial and sediment 
load; in HRF conditions, there was an influx of freshwater phytoplankton of 
heterotrophic CO2 origin from the tributary. 
• In MRF conditions the estuary maintained a net heterotrophic state due to the delivery 
of terrestrial organic matter and sediments to the mid-estuary that were entrained or 
flocculated out of the upper water column, creating a sink, with light limitation from 
turbid suspensions contributing to low primary production rates. 
• In HRF conditions the estuary was characterised by high concentrations of δ13C-
enriched POC together with a small drop in DIC concentrations that indicated intense 
nutrient stimulated phytoplankton production of an autotrophic system.  
• It was demonstrated that δ13C-enriched POC and δ13C-depleted DIC, together with 
environmental measures could be useful as indicators of human pressures on an estuary.  
• The study demonstrated the importance of using independent analyses and ancillary 
environmental parameters to interpret stable isotope data.  
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Significance of the study 
The research resulting from this PhD thesis has played an important role in quantifying the 
carbon footprint of the Sydney Harbour estuary for the first time and putting it in context with 
urban marine harbours/estuaries worldwide. There have been no other reports of carbon 
emissions, budgets or concentration and isotope data for the Sydney Harbour Estuary and 
relatively few other studies that include simultaneous measurements of all these carbon 
constituents in global estuaries. This new and comprehensive data set offered novel aspects for 
exploring the carbon dynamics of this iconic urban estuary. This study has resulted in the first 
comprehensive carbon data set for the Sydney Harbour Estuary that is now archived for access 
at the University of Sydney institutional repository. 
The research in Chapter 2 was important as it provided the first long term (annual) study of 
such a large and important Southern Hemisphere drowned river valley system. This study 
established a baseline for evaluating responses to climate change and anthropogenic inputs 
from urbanisation in this highly dynamic and complex ecosystem that is important for urban 
water planning and remediation efforts. Furthermore, comparing results with other global 
estuaries has been made possible with the relationship that discharge per unit area provides a 
predictor of emissions for estuaries from a similar geomorphic class. 
The research in Chapter 3 constructed a carbon budget for the estuary which accounted for the 
anthropogenic inputs of carbon from the urbanised catchment, providing a mechanism to 
quantify the pressures of human intervention on the estuarine system as populations in coastal 
cities continue to grow. Furthermore, the conceptual model developed for this study established 
a framework to compare and contrast carbon budgets in a global context. 
The research in Chapter 4 provided an important contribution to the understanding of carbon 
dynamics in the Sydney Harbour Estuary in response to rainfall, geomorphology and 
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hydrodynamics as well as anthropogenic inputs, providing additional insights on the 
autotrophic-heterotrophic transitions in a large urban drowned river valley system that may 
have significant implications for the carbon cycle on a local, regional and global scale (Griffith 
and Raymond, 2010; Hedges et al., 1997). The results that δ13C-enriched POC and δ13C-
depleted DIC could be useful and indicators of human impacts on an estuary may help in teh 
development of a  tool to monitor ecosystem production, when used in conjunction with other 
environmental measures (Oczkowski et al., 2014).   
 
Future research  
Integrating GHGs in urban ports and harbours to assess the impact on human health 
With population centres set to expand around large harbours/estuaries globally, accounting for 
carbon emissions from these growing urban population hubs should continue to be an active 
area of research well into the future. Integrating estuarine CO2 emissions with other local 
sources, such as shipping and industry, could help assess the risk to the health of the large urban 
populations that live adjacent to estuaries/port areas. The high levels of GHG pollution emitted 
by traffic has been well documented to cause a wide range of health effects with the area most 
affected roughly within 300 to 500 meters of the highway (Health Effects Institute Panel, 
2010).  Generally, highly urbanised harbours, particularly the upper estuaries, are heterotrophic 
emitting large quantities of greenhouse gases (GHG) into the atmosphere. The highly polluted 
estuaries of Europe and Asia, for example, can emit CO2 equivalent to approximately 76,500 
cars per year. Additionally, shipping contributes to emissions with high intensities located in 
the vicinity of ports in harbour areas. With the estuary as well as shipping emitting large 
amounts of greenhouse gasses and pollutants, living in close proximity to these areas may have 
detrimental health effects similar to living along a busy highway. As shipping and aircrafts are 
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predicted to become the major mobile sources of greenhouse gasses and air pollutants when 
electric vehicles become commonplace, this will put added pressure on urban harbour 
ecosystems globally. Determining the combined air-water GHG emissions could help identify 
‘hot spots’ in global harbours and port areas that may have important consequences for the 
health of the cities inhabitants in the future. A proposal for this study is currently being 
considered by the World Harbour Project and its global harbour within the context of its global 
network (www.worldharbourproject.org). 
 
Using stable isotopes to address the significant challenge of understanding the role of 
anthropogenic nutrients in estuarine eutrophication 
As eutrophication in estuaries is a global issue, further research on stable isotopes to assess this 
phenomenon is warranted. Although many estuaries are found to be net carbon emitters, which 
is a natural phenomenon, the component that is being affected by human activity is still 
uncertain. There are many sources of nutrients and organic matter that enter urban estuaries 
from the extensive road and stormwater networks, particularly during high rainfall events when 
sewage overflows are common. Due to the diverse nature of sources, this is a difficult problem 
to remedy. Coastal ecologists and managers need to effectively trace sources of pollution and 
identify areas of eutrophication for planning and management of estuary remediation efforts. 
Using stable isotopes to address the significant challenge of understanding the role of 
anthropogenic nutrients in estuarine eutrophication is an emerging area of research in coastal 
ecology. With additional research, urban planners may be able to use the results of stable 
isotope studies to better plan how stormwater and other inputs into the harbour can be managed 
to result in improved waterway health. The extensive data set produced by the sediment core 
analysis in this study that is archived at the University of Sydney’s institutional repository 
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could provide the basis to trace eutrophication and carbon sources in the Sydney Harbour 
Estuary over the past 100 years.  
 
Additional areas of research  
Comparing and contrasting carbon budgets globally  
Studies of carbon budgets are an important contribution to our understanding of how carbon is 
sequestered and transformed as well as understand its export/import to the coastal zone, 
reflecting the pressures of human intervention on an ecosystem. The development of a 
conceptual model for comparing inorganic and organic carbon budgets in harbours provides a 
framework for comparing and contrasting inputs, transformation and outputs in large urban 
estuaries globally. Despite the labour-intensive nature of constructing carbon budgets, the 
detailed analysis of urban estuaries could help develop sustainable management strategies to 
protect estuaries from future urbanisation and climate change. Developing a tool from this 
research for comparing the carbon footprint of different classes of estuaries may become 
paramount in the future as urban populations continue to grow.  
Linking hydrodynamic and biogeochemical models in urban estuaries 
Additional research linking hydrodynamic, biogeochemical and isotopic modelling could 
provide a powerful tool to investigate carbon dynamics in the future. This, however, does not 
discount the importance of collecting the baseline datasets required to validate the models and 
to develop the initial budgets for individual and or classes of estuarine ecosystem.  
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Data submission  
The data collected for this study has created a valuable data set that involved many months of 
preparation, hundreds of hours of surveys conducted along the waterways of the estuary and 
further dedicated hours in the laboratory to meticulously analyse the samples. This new data 
set and manuscript provide information for global carbon budgets for the underrepresented 
Southern Hemisphere. The data sets have been submitted and are publicly available at Sydney 
eScholarship, the University of Sydney’s institutional repository 
https://ses.library.usyd.edu.au/handle/2123/20292 and in Research Data Australia (RDA) 
https://researchdata.ands.org.au/co2-sydney-harbour-estuary-2013/1371142. Data are also 
available from the corresponding author by email request. Appendix II includes metadata and 
data summaries of the main, in-situ underway survey data collections. 
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Appendix 1. Environmental Fluid Dynamics Code (EFDC) 
Hydrodynamic Model Enhancements  
During the course of this study the Environmental Fluid Dynamic Code (EFDC) hydrodynamic 
model of the Sydney Harbour Estuary, that was initially developed by Lee and Birch (Lee et 
al., 2010; Lee and Birch, 2011), was further enhanced (V 2.0) (Figure 29). The model was 
used for verification for local wind speeds in Chapter 2 and for discharge volumes, tidal 
amplitudes, temperature and salinity fields for calculating the diffusive flux in Chapter 3. 
The model enhancements included: 
 Improved grid  
 extend the Parramatta river up to the weir  
 include Lane Cove and middle Harbour arms 
 include offshore area 
 improved orthogonal deviation 
 Updated bathymetry 
 sounding dataset from Roads and Maritime Services  
 50m multi-beam dataset from the Hydrogrophic Office   
 Included tidal harmonics 
 Update to runoff model and boundary conditions  
 Include temperature and salinity data from catchment and offshore boundaries 
 Incorporate atmospheric data into the model 
The model grid and bathymetry (Figure 29) was updated using over a million soundings in 
Sydney Harbour and tributaries provided by the Roads and Maritime Services with the offshore 
component provided by the Australian Hydrographic Service). The catchment boundary 
inflows (Figure 30) were calibrated against the Parramatta and Lane Cove weir inflows and 
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with the catchment model developed by Provost (2015). The open model boundary condition 
for the ocean used the astronomical tide prediction using XTide based on 70 harmonic 
constituents. Improvements to the run-off model incorporated hourly rainfall from 12 stations 
and wind speed and direction data from 4 stations sourced from the Bureau of Meteorology 
and Sydney Water. The temperature and salinity fields were calibrated with data from the real-
time buoy located at Ermington Bay with data sourced from the Parramatta City Council 
(Figure 31). The offshore boundary included temperature and salinity data sourced from Manly 
Hydraulics Laboratory. Atmospheric forcing data including solar radiation were sourced from 
Macquarie University. 
 
Figure 29. Sydney Harbour Estuary model V2.0 grid and bathymetry (Data Source: Roads and 
Maritime Services and Australian Hydrographic Service, 2014).   
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Figure 30. Sydney Harbour Estuary model V2.0 boundary condition locations for catchment 
(black dots) and offshore boundaries denoted by north (n), east (e) and south (s).   
 
 
Figure 31. Sydney Harbour Estuary model V2.0 calibrated with real-time buoy data from 
Ermington Bay buoy (Data Source: Parramatta Council). 
 
The intricate topography of the Sydney region provides an additional complexity in 
determining variations in wind speed between different reaches of the harbour. Surface winds 
in Sydney Harbour are notoriously complex with the interaction between the synoptic wind 
and local sea breeze circulation compounded by the intricate terrain. Winds can vary 
significantly within distances of a few hundred metres (Spark and Connor, 2004). In order to 
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best represent wind speed, data were sourced from four Bureau of Meteorology (BOM) stations 
namely Wedding Cake Island, Fort Dennison and Manly (North Head) for the lower estuaries 
and Sydney Olympic Park for the upper estuaries with values interpolated between the closest 
measurement stations as shown by the wind weighting (Figure 32). In-situ measurements for 
all the estuary sections were also made during each survey. A statistical analysis of the in-situ 
measurements (adjusted to 10m height) against the Bureau of Meteorology wind data showed 
a consistent reduction from the original wind station data of around 40%. To calculate the 
seasonal water-to-air CO2 flux this reduction was applied to the high resolution hourly BOM 
datasets.  
Model of wind sheltering from North Head wind station used for 
CO2 flux calculations for Mid and Upper Middle Harbour sub-
estuaries. 
 
Model of wind sheltering for Wedding Cake wind station used for 
CO2 flux calculations for Lower Port Jackson Estuary. 
Model of wind sheltering for Fort Denison wind station used for 
CO2 flux calculation for Mid Port Jackson Estuary, Mid Lane Cove 
and Upper Lane Cove sub-estuaries and Mid Bays. 
Model of wind weighting for Sydney Olympic Park wind station 
used for CO2 flux calculations for Mid and Upper Parramatta sub-
estuaries. 
Figure 32. Environmental Fluid Dynamics Code (EFDC) model showing the area of influence 
(weighting) of the Bureau of Meteorology wind stations marked by icon along the Sydney 
Harbour Estuary. (Red shows areas of maximum and blue areas of minimum wind weighting). 
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Appendix II. Metadata and In-situ Data Summary 
SITE LOCATION AND TIME IN-SITU DATA COLLECTION 
Month Date Time Site Site Lat Long CO2 Temp Sal pH Turb Chla ODOsat pCO2 
  yyyy-mm-dd hh:mm Name Code dd.ddd ddd.ddd ppm deg C psu   ntu µg/l % µatm 
1 2013-01-11 9:45 Port Jackson Heads PJ07 -33.828 151.285 395 22.15 35.32 8.06 15.00 1.36 109.20 395.97 
1 2013-01-11 10:30 Ft. Dennison LPR13 -33.853 151.233 468 23.59 35.12 7.97 3.70 2.44 108.60 464.73 
1 2013-01-11 11:15 Cockatoo Island North LPR10 -33.844 151.176 599 24.06 34.93 7.86 13.70 3.26 109.10 597.01 
1 2013-01-11 11:50 Henley LPR08 -33.843 151.143 622 25.11 34.56 7.77 16.50 3.35 101.40 600.16 
1 2013-01-11 12:22 Putney LPR06 -33.831 151.100 476 25.92 33.86 7.68 46.20 1.81 106.70 598.39 
1 2013-01-11 12:55 Ermington LPR04 -33.820 151.072 858 25.98 32.57 7.54 20.00 5.52 91.10 1036.04 
1 2013-01-11 13:50 Parramatta Weir LPR01 -33.814 151.010 2629 28.28 24.75 7.27 6.80 9.42 67.60 2597.71 
1 2013-01-11 14:20 Rydalmere LPR02 -33.816 151.026 2355 28.14 25.91 7.32 8.10 8.42 78.60 2232.13 
                              
1 2013-01-16 9:00 Parramatta Weir LPR01 -33.814 151.011 3523 25.03 15.76 4.80 13.58 65.10 7.05 3392.56 
1 2013-01-16 9:30 Rydalmere LPR02 -33.824 151.051 1412 24.78 27.57 27.10 14.76 89.00 7.34 1306.00 
1 2013-01-16 9:50 Ermington LPR04 -33.820 151.074 1112 24.86 32.26 10.10 9.87 102.60 7.48 1074.13 
1 2013-01-16 10:25 Putney LPR06 -33.833 151.104 818 24.56 33.89 31.60 8.33 101.90 7.61 765.54 
1 2013-01-16 11:45 Henley LPR08 -33.854 151.215 525 22.82 34.79 1.90 2.90 106.00 7.79 511.96 
1 2013-01-16 11:55 Ft. Dennison LPR13 -33.853 151.230 509 22.84 34.79 1.70 0.91 102.30 7.80 493.69 
1 2013-01-16 13:05 Port Jackson Heads PJ07 -33.827 151.284 464 22.36 34.84 8.60 1.18 107.00 7.83 458.32 
                              
2 2013-02-05 9:10 Port Jackson Heads PJ07 -33.827 151.285 397 21.57 33.20 0.00 3.31 109.30 8.03 387.10 
2 2013-02-05 10:45 Cockatoo Island North LPR10 -33.844 151.174 337 23.05 26.60 2.50 14.13 148.30 8.30 321.87 
2 2013-02-05 11:40 Putney LPR06 -33.831 151.100 227 23.64 19.10 14.20 1.59 173.70 8.44 257.44 
2 2013-02-05 12:14 Ermington LPR04 -33.822 151.069 303 23.95 16.20 11.30 19.16 153.10 8.03 377.39 
184 
 
2 2013-02-05 13:00 Paramatta Weir LPR01 -33.814 151.011 3082 24.77 11.20 9.00 0.54 48.30 6.97 2933.57 
2 2013-02-05 15:45 Mobray Park LC1 -33.799 151.159 1078 22.73 11.32 6.70 0.18 62.30 6.81 1048.80 
2 2013-02-05 16:35 Figtree Bridge LC3 -33.830 151.145 409 26.48 16.94 5.70 33.39 234.70 8.02 401.74 
2 2013-02-05 18:10 Garigal National Park MH1 -33.755 151.194 2780 24.96 12.80 2.90 7.79 104.20 7.74 2693.95 
2 2013-02-05 18:25 Echo Point MH2 -33.755 151.194 416 24.96 12.81 2.90 7.79 104.20 7.64 423.16 
                              
3 2013-03-13 8:45 Port Jackson Heads PJ07 -33.827 151.285 443 23.31 33.09 0.30 1.98 98.40 8.07 445.07 
3 2013-03-13 10:00 Cockatoo Island North LPR10 -33.845 151.174 712 23.18 30.71 0.70 1.03 91.90 8.02 645.88 
3 2013-03-13 10:45 Putney LPR06 -33.832 151.100 519 24.24 26.15 4.60 7.75 89.40 7.98 507.30 
3 2013-03-13 12:40 Ermington LPR04 -33.814 151.011 1097 26.04 14.70 27.30 18.70 53.50 7.40 1060.98 
3 2013-03-13 11:50 Paramatta Weir LPR01 -33.821 151.070 670 24.95 21.69 10.00 13.01 78.10 7.71 639.72 
3 2013-03-13 15:00 Mobray Park LC1 -33.800 151.153 948 25.64 20.39 3.00 14.30 84.80 7.69 945.78 
3 2013-03-13 15:35 Figtree Bridge LC3 -33.827 151.146 982 26.03 25.09 4.30 4.39 78.00 7.73 959.71 
3 2013-03-13 15:55 Woodford Bay LC5 -33.837 151.170 743 25.14 27.91 4.50 4.57 78.60 7.87 728.46 
3 2013-03-13 17:35 Garigal National Park MH1 -33.758 151.192 2359 26.87 27.15 3.30 6.46 55.40 7.37 2315.31 
3 2013-03-13 18:00 Echo Point MH2 -33.777 151.208 988 26.12 30.11 1.40 5.17 90.10 7.81 970.25 
3 2013-03-13 18:20 Castle Cove MH3 -33.792 151.232 491 25.45 30.65 0.60 1.38 101.30 7.98 482.14 
                              
4 2013-04-15 9:10 Port Jackson Heads PJ07 -33.827 151.286 461 21.82 34.45 0.60 2.78 96.90 8.05 449.33 
4 2013-04-15 10:47 Cockatoo Island North LPR10 -33.845 151.177 490 22.31 33.45 1.00 1.85 99.80 7.98 477.60 
4 2013-04-15 11:41 Putney LPR06 -33.833 151.102 467 22.72 30.80 2.90 1.20 105.60 7.90 457.25 
4 2013-04-15 12:13 Ermington LPR04 -33.821 151.077 533 22.90 30.00 5.10 5.56 100.90 7.80 513.81 
4 2013-04-15 13:07 Paramatta Weir LPR01 -33.814 151.011 1221 23.31 22.01 7.60 13.15 80.30 7.31 1164.79 
4 2013-04-15 15:36 Mowbray Park LC1 -33.801 151.156 1091 23.18 26.50 4.20 21.76 63.90 7.49 1044.55 
4 2013-04-15 16:27 Sugarloaf Hill LC2 -33.807 151.144 742 23.00 27.60 2.40 19.26 84.40 7.61 719.17 
4 2013-04-15 17:07 Woodford Bay LC5 -33.777 151.173 475 23.00 31.90  3.43 103.30 7.97 437.16 
4 2013-04-15 14:05 Garigal National Park MH1 -33.754 151.196 1541 20.25 31.69    7.14 1505.15 
4 2013-04-15 14:45 Echo Point MH2 -33.777 151.208 409 22.77 11.92    7.78 398.99 
                              
5 2013-05-14 9:30 Port Jackson Heads PJ07 -33.827 151.286 447 20.11 35.44 8.10 0.80 2.44 95.70 436.82 
5 2013-05-14 11:05 Cockatoo Island North LPR10 -33.845 151.175 467 19.42 34.41 8.01 1.00 3.25 93.70 451.51 
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5 2013-05-14 12:05 Putney LPR06 -33.832 151.101 538 18.97 32.45 7.83 4.30 2.75 91.40 521.05 
5 2013-05-14 14:05 Ermington LPR04 -33.822 151.070 633 19.14 25.43 7.62 7.60 7.93 93.80 624.09 
5 2013-05-14 13:06 Paramatta Weir LPR01 -33.816 151.013 1326 19.41 29.34 7.31 -0.20 1.63 79.40 1312.95 
5 2013-05-14 15:50 Mowbray Park LC1 -33.801 151.157 1091 19.43 29.63 7.36 2.10 2.14 44.20 1067.11 
5 2013-05-14 16:30 Figtree Bridge LC3 -33.831 151.147 657 18.94 31.67 7.75 3.00 3.05 86.20 637.58 
5 2013-05-14 16:50 Woodford Bay LC5 -33.836 151.175 510 19.14 33.43 7.94 2.80 2.85 92.40 499.25 
5 2013-05-14 12:40 Garigal National Park MH1 -33.754 151.196  19.29 34.43 7.30     
5 2013-05-14 13:40 Echo Point MH2 -33.777 151.208 402 19.50 32.38 7.94    393.29 
                              
6 2013-06-11 9:45 Port Jackson Heads PJ07 -33.827 151.285 410 18.69 35.10 8.05 2.10 1.98 94.20 401.45 
6 2013-06-11 11:23 Cockatoo Island North LPR10 -33.845 151.178 523 17.52 32.96 7.95 2.90 1.12 90.20 514.80 
6 2013-06-11 12:25 Ermington LPR04 -33.821 151.078 909 16.85 28.71 7.72 8.30 1.76 82.40 894.21 
6 2013-06-11 13:12 Paramatta Weir LPR01 -33.816 151.015 3123 16.87 20.96 7.17 6.30 1.60 52.20 3042.74 
6 2013-06-11 15:00 Sugarloaf Hill LC2 -33.815 151.144 1070 17.36 28.58 7.67 4.30 5.93 94.30 1029.33 
6 2013-06-11 15:20 Figtree Bridge LC3 -33.826 151.148 465 17.37 28.52 7.66 4.30 3.20 71.80 468.22 
6 2013-06-11 16:21 Castle Cove MH3 -33.785 151.232 439 17.87 33.32 8.00 2.20 2.72 97.00 430.14 
6 2013-06-11 16:52 Garigal National Park MH1 -33.756 151.191 1002 18.26 30.12 7.65 4.00 1.44 64.60 948.15 
                              
7 2013-07-01 10:50 Port Jackson Heads PJ07 -33.827 151.287 410 16.15 29.72 7.92 1.50 0.56 96.70 402.70 
7 2013-07-01 12:42 Cockatoo Island North LPR10 -33.847 151.191 530 15.62 20.13 7.74 4.90 0.95 90.30 515.12 
7 2013-07-01 13:42 Putney LPR06 -33.833 151.105 679 15.80 12.28 7.50 11.90 1.44 82.80 665.99 
7 2013-07-01 14:07 Ermington LPR04 -33.822 151.079 909 16.03 8.29 7.36 20.40 1.75 79.70 894.94 
7 2013-07-01 15:02 Paramatta Weir LPR01 -33.816 151.016 3123 14.86 5.97 7.22 21.00 1.58 76.30 3049.40 
7 2013-07-01 16:32 Mowbray Park LC1 -33.800 151.156 952 14.34 2.00 7.31  0.53 80.70 936.68 
7 2013-07-01 17:04 Sugarloaf Hill LC2 -33.810 151.142 866 14.20 3.00 6.99  0.35 90.90 848.07 
                              
7 2013-07-05 9:13 Port Jackson Heads PJ07 -33.827 151.284  17.40 33.75 8.00 0.20 1.20 97.50  
7 2013-07-05 15:03 Cockatoo Island North LPR10 -33.844 151.173  16.40 26.67 7.94 1.10 6.50 98.00  
7 2013-07-05 15:55 Putney LPR06 -33.831 151.100  16.00 25.47 7.82 4.60 4.00 88.80  
7 2013-07-05 16:17 Ermington LPR04 -33.818 151.071  16.00 23.14 7.69 8.50 4.10 87.30  
7 2013-07-05 16:54 Paramatta Wier LPR01 -33.814 151.010  15.00 13.26 7.23 16.10 4.10 61.10  
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7 2013-07-05 13:35 Mowbray Park LC1 -33.800 151.156  15.30 28.75 7.43 2.90 0.50 38.60  
7 2013-07-05 14:25 Figtree Bridge LC3 -33.830 151.146  16.30 27.99 7.75 8.10 2.90 68.20  
7 2013-07-05 14:47 Woodford Bay LC5 -33.830 151.173  16.20 24.70 7.77 2.30 4.00 83.70  
7 2013-07-05 10:23 Castle Cove MH3 -33.791 151.219  14.90 30.90 7.75 17.00 3.90 69.50  
7 2013-07-05 11:00 Echo Point MH2 -33.777 151.208  15.60 29.81 7.76 1.00 0.50 71.10  
7 2013-07-05 11:30 Garigal National Park MH1 -33.754 151.196  15.60 28.60 7.40 1.80 0.60 33.10  
                              
8 2013-08-06 9:25 Port Jackson Heads PJ07 -33.827 151.284  16.96 36.47 8.05  0.90   
8 2013-08-07 9:50 Cockatoo Island North LPR10 -33.844 151.173  15.24 34.74 7.98  2.40 96.80  
8 2013-08-07 11:18 Putney LPR06 -33.831 151.100  14.80 33.16 7.90  1.80 89.70  
8 2013-08-07 12:00 Ermington LPR04 -33.818 151.071  14.73 31.15 7.79  6.40 89.80  
8 2013-08-07 12:52 Paramatta Weir LPR01 -33.814 151.010  15.74 20.35 7.41  5.00 72.30  
8 2013-08-07 14:32 Mowbray Park LC1 -33.800 151.156  15.87 28.48 7.48  4.70 69.90  
8 2013-08-07 15:12 Figtree Bridge LC3 -33.830 151.146  15.31 30.90 7.57  4.70 80.20  
8 2013-08-07 15:46 Woodford Bay LC5 -33.830 151.173  15.33 34.35 8.06  5.60 106.90  
8 2013-08-06 11:43 Castle Cove MH3 -33.791 151.219  15.16 34.97   1.70 82.30  
8 2013-08-06 12:08 Echo Point MH2 -33.777 151.208  15.45 34.89   1.80 83.10  
8 2013-08-06 12:32 Garigal National Park MH1 -33.754 151.196  15.27 31.34 7.41  1.80 69.10  
                              
9 2013-09-05 13:50 Ft. Dennison LPR13 -33.855 151.223  17.22 25.57 7.96 0.70 2.40   
9 2013-09-05 13:12 Cockatoo Island North LPR10 -33.846 151.175  17.40 31.78 7.92 1.70 1.80   
9 2013-09-05 12:20 Putney LPR06 -33.831 151.100  18.21 32.83 7.71 6.90 5.40   
9 2013-09-05 11:56 Ermington LPR04 -33.821 151.070  18.59 34.04 7.49 21.20 5.70   
9 2013-09-05 10:13 Paramatta Weir LPR01 -33.814 151.010  19.57 33.84 7.25 11.40 11.30   
9 2013-09-05 14:22 Mowbray Park LC1 -33.802 151.143  17.81 32.55 7.50 2.00 8.90   
9 2013-09-05 13:48 Figtree Bridge LC3 -33.806 151.144  18.65 29.87 7.71 5.20 6.60   
9 2013-09-05 13:25 Woodford Bay LC5 -33.830 151.146  17.16 34.29 7.89 4.00 4.50   
                              
10 2013-10-16 9:41 Chowder Bay LPR14 -33.839 151.255  19.47 34.75 7.99 8.80 1.40   
10 2013-10-16 11:06 Cockatoo Island North LPR10 -33.845 151.175  20.11 34.16 7.56 29.60 14.40   
10 2013-10-16 12:26 Putney LPR06 -33.834 151.106 506 21.00 33.39 7.17 15.20 4.30   
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10 2013-10-16 13:04 Ermington LPR04 -33.820 151.072 441 21.75 31.79 6.95 22.00 13.70   
10 2013-10-16 14:00 Paramatta Weir LPR01 -33.813 151.010 1015 23.27 25.48 6.65 4.40 1.20   
10 2013-10-16 15:42 Putney LPR06 -33.830 151.099 739 21.35 33.39 6.60 4.90 8.20   
10 2013-10-16 17:00 Woodford Bay LC5 -33.830 151.173  20.98 34.29 7.74  8.00   
10 2013-10-16 17:25 Figtree Bridge LC3 -33.854 151.213  21.26 33.74 7.56  11.90   
10 2013-10-16 11:36 Castle Cove MH3 -33.791 151.219  19.24 33.63 7.86     
10 2013-10-16 12:14 Echo Point MH2 -33.777 151.208  19.86 34.17 7.86     
                              
11 2013-11-13 10:10 Port Jackson Heads PJ07 -33.839 151.270 420 19.75 34.59 8.02 32.40 25.40 102.00 410.65 
11 2013-11-13 10:55 Chowder Bay LPR14 -33.839 151.255 450 19.93 34.20 8.02 6.50 3.60 101.80 436.63 
11 2013-11-13 11:30 Ft. Dennison LPR13 -33.854 151.228 478 20.07 33.69 8.00 9.30 6.50 102.80 467.14 
11 2013-11-13 12:00 Cockatoo Island North LPR10 -33.844 151.174 538 20.25 32.63 7.96 8.60 6.50 101.90 526.79 
11 2013-11-13 12:45 Putney LPR06 -33.831 151.100 718 19.93 25.74 7.86 13.90 10.50 100.20 701.76 
11 2013-11-13 13:05 Ermington LPR04 -33.820 151.071 860 19.28 15.06 7.65 16.20 8.20 90.10 820.51 
11 2013-11-13 13:50 Paramatta Weir LPR01 -33.814 151.011 1540 18.67 4.73 7.31 16.30 4.20 83.20 1501.00 
11 2013-11-13 15:10 Homebush Bay LPR05 -33.832 151.080 640 19.62 22.88 7.60 17.40 8.10 78.00 962.25 
11 2013-11-13 15:30 Hen & Chicken Bay LPR07 -33.854 151.123 640 20.04 23.66 7.66 11.90 8.10 78.60 980.12 
                              
12 2013-12-20 9:30 Port Jackson Heads PJ07 -33.825 151.280 596 20.87 35.25 7.90 1.10 0.90 104.00  
12 2013-12-20 16:40 Chowder Bay LPR14 -33.839 151.255  22.11 35.04 7.89     
12 2013-12-20 12:37 Cockatoo Island North LPR10 -33.844 151.182 578 24.80 34.56 7.80 1.60 -0.20 112.10 568.65 
12 2013-12-20 10:10 Sailors Bay MH4 -33.803 151.231 662 23.43 34.67 7.84 1.30 0.10 105.20 632.61 
12 2013-12-20 10:37 Echo Point MH2 -33.777 151.209 808 25.24 34.03 7.75 1.60 1.50 109.00 787.59 
12 2013-12-20 11:05 Garigal National Park MH1 -33.754 151.195 1887 27.27 34.00 7.65 1.80 3.00 102.20 1777.95 
12 2013-12-20 13:05 Figtree Bridge LC3 -33.830 151.146 1021 26.46 33.53 7.69 4.80 0.00 107.50 980.11 
12 2013-12-20 13:37 Mowbray Park LC1 -33.800 151.156 2187 27.91 29.66 7.38 3.30 2.60 95.10 2014.51 
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SITE LOCATION AND TIME INSITU DATA COLLECTION 
Month Date Time Site Lat Long DIC DOC POC PON DIC_δ13C DOC_δ13C POC_δ13C PON_δ15N 
  yyyy-mm-dd hh:mm Name dd.ddd ddd.ddd mM mM mM mM ‰ ‰ ‰ ‰ 
1 2013-01-11 9:45 Port Jackson Heads -33.828 151.285 2.16 0.14 0.008 0.001 0.80 -22.70 -24.90 6.40 
1 2013-01-11 10:30 Ft. Dennison -33.853 151.233 2.15 0.08 0.011 0.002 0.30  -25.40  
1 2013-01-11 11:15 Cockatoo Island North -33.844 151.176 2.21 0.09 0.007 0.001 -0.10  -24.80 7.80 
1 2013-01-11 11:50 Henley -33.843 151.143 2.25 0.20 0.015 0.002 -0.80 -23.30 -25.10 8.60 
1 2013-01-11 12:22 Putney -33.831 151.100 2.27 0.20 0.032 0.004 -1.80 -25.40 -26.00 7.80 
1 2013-01-11 12:55 Ermington -33.820 151.072 2.33 0.17 0.041 0.005 -2.40 -24.10 -25.80 8.00 
1 2013-01-11 13:50 Parramatta Weir -33.814 151.010 1.95 0.29 0.020 0.003 -7.40 -28.00 -30.20 6.40 
1 2013-01-11 14:20 Rydalmere -33.816 151.026         
                            
1 2013-01-16 9:00 Parramatta Weir -33.814 151.011 1.38 0.38 0.065 0.010 -5.60 -31.50 -23.30 6.70 
1 2013-01-16 9:30 Rydalmere -33.824 151.051 2.27 0.32 0.024 0.004 -4.90 -30.10 -26.80 7.60 
1 2013-01-16 9:50 Ermington -33.820 151.074 2.29 0.19 0.011 0.002 -3.10 -31.60 -25.50 8.70 
1 2013-01-16 10:25 Putney -33.833 151.104 2.26 0.18 0.015 0.002 -1.50 -29.30 -24.60 8.70 
1 2013-01-16 11:45 Henley -33.854 151.215 2.21 0.18 0.038 0.006 -0.80 -27.30 -25.40 8.30 
1 2013-01-16 11:55 Ft. Dennison -33.853 151.230 2.17 0.11 0.034 0.005 0.30 -25.00 -25.20 8.30 
1 2013-01-16 13:05 Port Jackson Heads -33.827 151.284 2.11 0.13 0.007 0.001 1.00 -28.90 -30.70 7.50 
                            
2 2013-02-05 9:10 Port Jackson Heads -33.827 151.285 2.00 0.17 0.054 0.007 1.60 -33.10 -26.90 0.50 
2 2013-02-05 10:45 Cockatoo Island North -33.844 151.174 1.43 0.43 0.115 0.001 -0.40 -35.10 -25.40 6.40 
2 2013-02-05 11:40 Putney -33.831 151.100 1.37 0.39 0.149 0.002 -2.40 -35.10 -22.60 11.50 
2 2013-02-05 12:14 Ermington -33.822 151.069 1.46 0.45 0.057 0.001 -3.90 -33.50 -22.70 9.90 
2 2013-02-05 13:00 Paramatta Weir -33.814 151.011 0.97 0.40 0.070 0.000 -10.20 -31.40 -28.00 9.90 
2 2013-02-05 15:45 Mobray Park -33.799 151.159 0.73 0.50 0.019 0.000 -11.20 -30.70 -28.90 1.10 
2 2013-02-05 16:35 Figtree Bridge -33.830 151.145 1.11 0.74 0.157 0.001 -1.20 -31.50 -22.80 7.20 
2 2013-02-05 18:10 Garigal National Park -33.755 151.194 1.09 0.52 0.066 0.001 -5.40 -33.50 -32.40 7.00 
2 2013-02-05 18:25 Echo Point -33.755 151.194         
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3 2013-03-13 8:45 Port Jackson Heads -33.827 151.285 1.87 0.02 0.008 0.001   -21.96 11.59 
3 2013-03-13 10:00 Cockatoo Island North -33.845 151.174   0.006 0.001   -22.77 10.33 
3 2013-03-13 10:45 Putney -33.832 151.100   0.018 0.003   -23.39 20.63 
3 2013-03-13 12:40 Ermington -33.814 151.011 1.90 0.11 0.039 0.006   -27.35 6.57 
3 2013-03-13 11:50 Paramatta Weir -33.821 151.070 1.83 0.51       
3 2013-03-13 15:00 Mobray Park -33.800 151.153 1.51 0.27 0.039 0.007   -27.49 7.69 
3 2013-03-13 15:35 Figtree Bridge -33.827 151.146 1.94 0.17 0.021 0.004   -24.76 7.40 
3 2013-03-13 15:55 Woodford Bay -33.837 151.170 1.98 0.04 0.021 0.004   -21.69 11.24 
3 2013-03-13 17:35 Garigal National Park -33.758 151.192 1.86 0.55 0.021 0.003   -26.95 5.03 
3 2013-03-13 18:00 Echo Point -33.777 151.208 1.97 0.05 0.017 0.003   -25.18 6.15 
3 2013-03-13 18:20 Castle Cove -33.792 151.232 1.76 0.17 0.012 0.002   -23.94 9.44 
                            
4 2013-04-15 9:10 Port Jackson Heads -33.827 151.286 2.01 0.00 0.017 0.003   -24.31 11.15 
4 2013-04-15 10:47 Cockatoo Island North -33.845 151.177 1.88 0.11 0.010 0.002   -24.57 10.90 
4 2013-04-15 11:41 Putney -33.833 151.102 2.04 0.08 0.062 0.009   -24.99 8.42 
4 2013-04-15 12:13 Ermington -33.821 151.077 2.06 0.08 0.073 0.012   -25.62 6.31 
4 2013-04-15 13:07 Paramatta Weir -33.814 151.011 1.95 0.19 0.100 0.016   -28.96 5.27 
4 2013-04-15 15:36 Mowbray Park -33.801 151.156 1.95 0.17 0.113 0.014   -29.04 4.16 
4 2013-04-15 16:27 Sugarloaf Hill -33.807 151.144 1.95 0.19 0.078 0.010   -27.12 17.93 
4 2013-04-15 17:07 Woodford Bay -33.777 151.173 1.91 0.08 0.015 0.002   -25.56 6.49 
4 2013-04-15 14:05 Garigal National Park -33.754 151.196 0.74 0.50       
4 2013-04-15 14:45 Echo Point -33.777 151.208 1.88 0.12       
                            
5 2013-05-14 9:30 Port Jackson Heads -33.827 151.286 1.94 0.03 0.014 0.002   -24.38 1.85 
5 2013-05-14 11:05 Cockatoo Island North -33.845 151.175 1.99 0.01 0.003 0.000   -25.68 7.35 
5 2013-05-14 12:05 Putney -33.832 151.101 2.10 0.01 0.030 0.004   -24.77 7.84 
5 2013-05-14 14:05 Ermington -33.822 151.070 2.18 0.06 0.008 0.001   -26.52 1.85 
5 2013-05-14 13:06 Paramatta Weir -33.816 151.013 2.24 0.17 0.005 0.001   -27.11 2.00 
5 2013-05-14 15:50 Mowbray Park -33.801 151.157 2.01 0.15 0.034 0.005   -31.65 3.24 
5 2013-05-14 16:30 Figtree Bridge -33.831 151.147 2.01 0.16 0.021 0.004   -26.59 9.32 
5 2013-05-14 16:50 Woodford Bay -33.836 151.175 2.01 0.05 0.025 0.003   -26.25 10.95 
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5 2013-05-14 12:40 Garigal National Park -33.754 151.196 2.04 0.05 0.016 0.002   -27.21 -5.61 
5 2013-05-14 13:40 Echo Point -33.777 151.208 1.97 0.07 0.018 0.002   -27.03 4.68 
                            
6 2013-06-11 9:45 Port Jackson Heads -33.827 151.285 1.91 0.07 0.012 0.001   -24.82 4.71 
6 2013-06-11 11:23 Cockatoo Island North -33.845 151.178 1.87 0.08 0.013 0.002   -25.56 4.08 
6 2013-06-11 12:25 Ermington -33.821 151.078 1.98 0.07 0.050 0.005   -26.45 3.69 
6 2013-06-11 13:12 Paramatta Weir -33.816 151.015 1.77 0.12 0.056 0.006   -28.00 7.25 
6 2013-06-11 15:00 Sugarloaf Hill -33.815 151.144 1.91 0.08 0.024 0.003   -28.23 0.93 
6 2013-06-11 15:20 Figtree Bridge -33.826 151.148 1.92 0.10 0.007 0.001   -26.16 0.93 
6 2013-06-11 16:21 Castle Cove -33.785 151.232 1.91 0.03 0.018 0.002   -26.47 5.33 
6 2013-06-11 16:52 Garigal National Park -33.756 151.191 1.91 0.09 0.022 0.002   -27.00 3.43 
                            
7 2013-07-01 10:50 Port Jackson Heads -33.827 151.287 1.79 0.03 0.028 0.003   -25.41 2.33 
7 2013-07-01 12:42 Cockatoo Island North -33.847 151.191 1.53 0.17 0.072 0.009   -25.22 2.43 
7 2013-07-01 13:42 Putney -33.833 151.105 1.45 0.29 0.073 0.008   -25.80 6.64 
7 2013-07-01 14:07 Ermington -33.822 151.079 1.49 0.32 0.083 0.009   -25.07 2.16 
7 2013-07-01 15:02 Paramatta Weir -33.816 151.016 1.18 0.57 0.066 0.006   -26.42 3.27 
7 2013-07-01 16:32 Mowbray Park -33.800 151.156 0.65 0.78 0.109 0.013   -25.33 2.80 
7 2013-07-01 17:04 Sugarloaf Hill -33.810 151.142 0.69 0.71 0.085 0.009   -25.25 0.88 
                            
7 2013-07-05 9:13 Port Jackson Heads -33.827 151.284   0.011 0.001   -26.30 8.39 
7 2013-07-05 15:03 Cockatoo Island North -33.844 151.173 1.84 0.02 0.040 0.005   -24.89 8.57 
7 2013-07-05 15:55 Putney -33.831 151.100 1.93 0.04 0.363 0.012   -21.15 4.75 
7 2013-07-05 16:17 Ermington -33.818 151.071 1.94 0.07 0.092 0.006   -25.32 4.32 
7 2013-07-05 16:54 Paramatta Weir -33.814 151.010 1.70 0.29 0.082 0.009   -26.64 7.70 
7 2013-07-05 13:35 Mowbray Park -33.800 151.156 1.28 0.45 0.056 0.008   -26.87 11.21 
7 2013-07-05 14:25 Figtree Bridge -33.830 151.146 1.78 0.08 0.024 0.003   -26.59 6.93 
7 2013-07-05 14:47 Woodford Bay -33.830 151.173 1.91 0.03 0.036 0.004   -27.00 6.68 
7 2013-07-05 10:23 Castle Cove -33.791 151.219   0.029 0.003   -26.61 -4.75 
7 2013-07-05 11:00 Echo Point -33.777 151.208 1.77 0.09 0.028 0.004   -28.27 8.56 
7 2013-07-05 11:30 Garigal National Park -33.754 151.196 1.82 0.04 0.024 0.004   -26.93 23.21 
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8 2013-08-06 9:25 Port Jackson Heads -33.827 151.284 2.00 0.13 0.010 0.002 1.28 -25.63 -25.11 9.35 
8 2013-08-07 9:50 Cockatoo Island North -33.844 151.173 1.98 0.11 0.016 0.002 0.79 -24.79 -25.94 10.05 
8 2013-08-07 11:18 Putney -33.831 151.100 1.97 0.12 0.028 0.008 -0.16 -25.32 -25.40 26.42 
8 2013-08-07 12:00 Ermington -33.818 151.071 2.07 0.20 0.053 0.004 -1.72 -26.48 -25.00 10.20 
8 2013-08-07 12:52 Paramatta Weir -33.814 151.010 2.05 0.30 0.053 0.003 -4.46 -26.04 -28.26 8.13 
8 2013-08-07 14:32 Mowbray Park -33.800 151.156 1.94 0.20 0.027 0.003 -2.90 -26.49 -28.82 8.05 
8 2013-08-07 15:12 Figtree Bridge -33.830 151.146 1.93 0.24 0.031 0.003 -0.82 -26.46 -26.32 8.79 
8 2013-08-07 15:46 Woodford Bay -33.830 151.173 1.77 0.25 0.032 0.003 0.74 -26.22 -22.50 9.86 
8 2013-08-06 11:43 Castle Cove -33.791 151.219 1.92 0.25 0.013 0.002 0.15 -26.46 -21.93 10.94 
8 2013-08-06 12:08 Echo Point -33.777 151.208 1.90 0.30 0.010 0.002 0.66 -26.44 -25.85 11.06 
8 2013-08-06 12:32 Garigal National Park -33.754 151.196 1.85 0.33 0.013 0.007 -1.26 -26.08 -27.04 23.67 
                            
9 2013-09-05 13:50 Ft. Dennison -33.855 151.223 1.91 0.17 0.023 0.000 0.98 -24.83 -26.03 7.30 
9 2013-09-05 13:12 Cockatoo Island North -33.846 151.175 2.00 0.19 0.030 0.003 0.37 -25.88 -26.50 7.16 
9 2013-09-05 12:20 Putney -33.831 151.100 2.13 0.32 0.081 0.009 -4.60 -25.50 -28.00 18.68 
9 2013-09-05 11:56 Ermington -33.821 151.070 2.10 0.24 0.100 0.007 -2.40 -25.29 -26.06 14.90 
9 2013-09-05 10:13 Paramatta Weir -33.814 151.010 2.13 0.32 0.081 0.009 -4.60 -25.50 -28.00 18.68 
9 2013-09-05 14:22 Mowbray Park -33.802 151.143 1.90 0.30 0.007 0.001 -2.26 -26.36 -29.07 6.04 
9 2013-09-05 13:48 Figtree Bridge -33.806 151.144 1.96 0.22   -1.00 -25.56   
9 2013-09-05 13:25 Woodford Bay -33.830 151.146 1.93 0.19 0.041 0.004 0.11 -24.75 -26.64 11.32 
                            
10 2013-10-16 9:41 Chowder Bay -33.839 151.255         
10 2013-10-16 11:06 Cockatoo Island North -33.845 151.175 1.89 0.18 0.022 0.002 0.32 -24.16 -26.40 16.81 
10 2013-10-16 12:26 Putney -33.834 151.106 1.99 0.27 0.034 0.004 -1.12 -24.99 -26.92 10.84 
10 2013-10-16 13:04 Ermington -33.820 151.072 2.12 0.38   -3.66 -25.62   
10 2013-10-16 14:00 Paramatta Weir -33.813 151.010         
10 2013-10-16 15:42 Putney -33.830 151.099         
10 2013-10-16 17:00 Woodford Bay -33.830 151.173 1.89 0.19   0.04 -24.78 -27.28 6.93 
10 2013-10-16 17:25 Figtree Bridge -33.854 151.213 1.91 0.18   -0.60 -25.05   
10 2013-10-16 11:36 Castle Cove -33.791 151.219 1.80 0.14 0.020 0.002 0.74 -24.25 -26.28 6.01 
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10 2013-10-16 12:14 Echo Point -33.777 151.208 1.81 0.11 0.038 0.004 0.28 -24.79 -26.58 9.24 
                            
11 2013-11-13 10:10 Port Jackson Heads -33.839 151.270 2.20 0.08 0.030 0.007 0.82 -25.96 -22.52 29.25 
11 2013-11-13 10:55 Chowder Bay -33.839 151.255         
11 2013-11-13 11:30 Ft. Dennison -33.854 151.228         
11 2013-11-13 12:00 Cockatoo Island North -33.844 151.174 2.21 0.09 0.022 0.005 -0.68 -25.50 -23.92 15.00 
11 2013-11-13 12:45 Putney -33.831 151.100 1.83 0.18 0.084 0.019 -3.91 -26.18 -25.19 7.48 
11 2013-11-13 13:05 Ermington -33.820 151.071 1.15 0.26 0.037 0.007 -7.16 -25.67 -26.52 3.95 
11 2013-11-13 13:50 Paramatta Weir -33.814 151.011 1.09 0.26 0.046 0.006 -8.11 -25.59 -26.16  
11 2013-11-13 15:10 Homebush Bay -33.832 151.080 1.97 0.16 0.040 0.007 -3.91 -26.05 -25.64  
11 2013-11-13 15:30 Hen & Chicken Bay -33.854 151.123 2.13 0.12 0.081 0.016 -1.62 -25.55 -23.66 15.42 
                           
12 2013-12-20 9:30 Port Jackson Heads -33.825 151.280 2.26 0.07 0.005 0.001 1.02 -24.56 -25.11 3.43 
12 2013-12-20 16:40 Chowder Bay -33.839 151.255 2.23 0.16 0.016 0.003 -4.29 -26.85 -27.45  
12 2013-12-20 12:37 Cockatoo Island North -33.844 151.182 2.23 0.07 0.019 0.003 -0.48 -25.17 -24.34  
12 2013-12-20 10:10 Sailors Bay -33.803 151.231 2.32 0.08 0.013 0.003 -0.35 -26.66 -23.59  
12 2013-12-20 10:37 Echo Point -33.777 151.209 2.34 0.11 0.026 0.005 -1.60 -27.77 -23.26  
12 2013-12-20 11:05 Garigal National Park -33.754 151.195 2.49 0.11 0.021 0.003 -4.31 -26.45 -24.51  
12 2013-12-20 13:05 Figtree Bridge -33.830 151.146 1.93 0.24 0.031 0.003 -0.82 -26.46 -26.32 8.79 
12 2013-12-20 13:37 Mowbray Park -33.800 151.156 2.23 0.16 0.016 0.003 -4.29 -26.85 -27.45  
                            
 
 
 
    
 
